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Advisor: Gary L. Hein 
The wheat curl mite (Aceria tosichella Keifer) (WCM) is a vector of three plant 
viruses to wheat (Triticum aestivum L.) including: Wheat streak mosaic virus (WSMV), 
Triticum mosaic virus (TriMV), and High Plains wheat mosaic virus. This wheat-mite-
virus complex causes significant yield loss in winter wheat across the Great Plains. 
Management of WCM host plants during the time between wheat harvest and planting of 
the new wheat crop (the green bridge) is critical in reducing potential risk and loss from 
this complex. The primary green bridge host, in the central Great Plains, is volunteer 
wheat. If volunteer wheat is not managed (via herbicide or tillage application), it can 
serve as a host in which mite populations can build up and later be dispersed by the wind 
into neighboring wheat fields, causing virus spread. 
Because population dynamics in vegetative volunteer wheat is not well 
understood, two studies were designed to focus on WCM population buildup and 
dispersal (subsequent virus spread). Differential mite populations were established in 
both studies by using viruses and/or virus resistant wheat varieties due to their impact on 
mite reproduction rates. Mite reproduction is negatively impacted by TriMV and 
positively by WSMV. ‘Mace’, a virus resistant variety, was used to maintain plant 
condition and derive elevated mite populations. Virus symptoms were monitored by 
measuring plant relative chlorophyll content. 
 
In a greenhouse study, mite-infested wheat was placed in wind tunnels every 7-10 
days to evaluate mite dispersal from virus-infected wheat. A field study was also 
conducted in which mite dispersal (i.e. virus spread) was monitored around a single 
infested plant in a plot. Results indicated that mite density was the primary factor 
determining the extent of mite dispersal and virus spread. In addition, temperature 
impacted the extent of mite population build up and virus spread. Both studies will aid in 
the development of more accurate predictive risk models of virus risk and contribute to 
improved management of this wheat-mite-virus complex.  
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CHAPTER 1 
LITERATURE REVIEW  
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Introduction 
The wheat curl mite (WCM), Aceria tosichella Keifer, is a microscopic mite and 
barely visible to the naked eye. This mite transmits three viruses to wheat (Triticum 
aestivum L.): Wheat streak mosaic virus (WSMV), Tritium mosaic virus (TriMV), and 
High Plains wheat mosaic virus (HPWMoV) (Slykhuis 1955, Seifers et al. 1997, 2008). 
High populations of WCMs can cause wheat yield reductions (Harvey et al. 2002). 
However, the greatest damage results from the mite-virus complex causing crop losses to 
wheat throughout the Great Plains (Wegulo et al. 2008). WSMV is the most prevalent of 
the three viruses; however, there is a high frequency of co-infection resulting in greater 
yield reduction (Byamukama et al. 2013, 2014). In 2017 alone, this complex cost 
producers in Kansas approximately 19.3 million bushels of wheat (Hollandbeck et al. 
2017), and this degree of damage was seen in surrounding states as well. 
There are several management tactics including virus resistant varieties, mite-
resistant varieties, and using optimal planting dates, but the primary management tactic is 
to properly manage volunteer wheat. The volunteer wheat with the greatest virus risk in 
the central Great Plains is volunteer that emerges before wheat harvest. Pre-harvest 
volunteer can result from seed left in the field that develops into volunteer wheat in the 
following year’s summer crop or from a pre-harvest hailstorm shattering wheat heads to 
the ground allowing for rapid germination (McMechan 2016). When wheat is 
approaching harvest, mites are at their greatest density of the season (McMechan and 
Hein 2017). These mites must find a living host (‘green bridge’) to survive the summer 
until the new wheat crop emerges in the fall. Volunteer wheat present at this time 
provides an ideal host for the WCM through this green bridge period. Understanding the 
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relationship between mite population density on volunteer wheat and dispersal of this 
wind-dispersed mite is critical in understanding virus spread. 
A living host during the green bridge is critical for the mite-virus complex to 
persist; however, temperature can also impact the extent of damage caused by this 
complex. Temperatures in the United States are predicted to increase with the widespread 
warming occurring in the winter (Vose et al. 2017). With temperatures increasing this can 
increase the length of the growing season (Hibbard et al. 2017). The combination of 
warmer temperatures and a longer growing season would result in the potential of the 
mite being active longer during the fall or winter. This can increase the time the mites are 
able to reproduce and spread the virus. Therefore, since temperature influences both mite 
activity and population development, increased virus spread could result from warming 
temperatures.  
Wheat Curl Mite Classification 
The wheat curl mite (WCM) is in the family Eriophyidae (Oldfield and Proeseler 
1996), and it is distributed worldwide. Since its initial discovery, WCM nomenclature has 
suffered taxonomic confusion, and it has had several taxonomic synonyms in the 
literature (i.e. Aceria tulipae, A. tosichella, A. tritici, and Eriophyes tulipae). In 1938, 
Keifer described Aceria tulipae from tulip bulbs, and this was assumed to be the same 
mite seen on wheat. Shevtchenko et al. (1970) described A. tritici on wheat as different 
from A. tulipae. However, in 1969, Keifer had described Aceria tosichella from wheat in 
Yugoslavia, and this mite was identical to A. tritici. Thus, A. tosichella takes priority 
because it was the first name described for the mite (Amrine and Stasny 1994). 
Unfortunately, A. tosichella was not replaced in the literature because in 1971, Newkirk 
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and Keifer (1971) reassigned Aceria to the genus Eriophyes. Later in 1989, the genus 
Eriophyes was restored to Aceria, and today the WCM is correctly referred to as Aceria 
tosichella in the literature (Amrine and Stasny 1994). 
A species complex exists globally within Aceria tosichella (Hein et al. 2012, 
Skoracka et al. 2012, Miller et al. 2013). In North America there are two haplotypes 
within Aceria tosichella species: Type 1 and Type 2 (Carew et al. 2009, Hein et al. 2012, 
Wosula, et al. 2015b). In Poland, multiple haplotypes have been found, but two types 
match those found in North America. Type 1 identified by Hein et al. (2012) is referred to 
as MT-8 by Skoracka et al. (2012) and Type 2 from Hein et al (2012) is referred to as 
MT-1 by Skoracka et al. (2012). Both of these types of mites are found throughout the 
Great Plains (Siriwetwiwat 2006, Hein et al. 2012). To determine these genetic 
differences Hein et al. (2012) used PCR and sequenced segments of mitochondrial DNA 
cytochrome oxidase I and II (COI and COII, respectively) along with ribosomal DNA 
(internal transcribed spacer 1; ITS1). Skoracka et al. (2012) used populations from 
Australia, South America, and Europe and a combination of data to determine that WCM 
constitutes a species complex. They used morphological data and nucleotide sequences of 
mitochondrial DNA (COI), D2 region of 28S rDNA, and ITS1 and ITS2 to determine 
differences in the lineages. By understanding this species complex, further detailed 
studies can be conducted to understand biological characteristics and the susceptibility to 
resistant genes among the different mite types (Hein et al. 2012, Skoracka et al. 2012). 
Wheat Curl Mite Biology and Ecology 
WCMs are white in color, cigar shaped with four legs near the front end, and 
measure 150-270 microns in length (del Rosario and Sill 1965). The mouthparts are 
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composed of a two-lobed rostrum with a pair of stylets that are slightly curved, needle-
like structures (Orlob 1966). The length of the stylet that penetrates the plant epidermis is 
5 microns or one-third of the total stylet length (Orlob 1966).  
The WCM completes its lifecycle in 8-10 days at 24-25°C with four stages: egg, 
first nymph, second nymph, and adult (Staples and Allington 1956). The egg incubation 
period lasts 3 days with the first nymph emerging at hatching. After completing the first 
nymph stage, it enters a quiescent stage that lasts ¾ day when it molts to the second 
stage. The first and second nymph stages last about 1½ days each. After the second ¾ day 
quiescent stage, it molts to an adult. From the time the egg hatches until it reaches the 
adult stage it takes 4-5 days (Staples and Allington 1956). After eclosion, the female 
undergoes a 1-2-day pre-oviposition period. The shortest life cycle of the mite was 
observed to be 7 days from egg to egg at 25°C (Slykhuis 1955). 
WCMs reproduce rapidly with a female producing at least 12 eggs in her lifetime, 
although it has been documented that a female can produce up to 25 eggs in a ten day 
period (Staples and Allington 1956, Salome et al. 1964). The mites reproduce by 
arrhenotokous parthenogenesis, where unfertilized eggs develop into males (Helle and 
Wysoki 1983). Indirect fertilization occurs when spermataphores are deposited on the 
leaf surface by males and females later pick them up. Once fertilization has occurred, 
females can produce diploid females and haploid males (Oldfield et al. 1970). This means 
that even an unfertilized female mite can disperse and start a new colony. It is estimated 
that a mite could have over 3 million descendants in 60 days under ideal conditions 
(Somsen and Sill 1970). Due to very large numbers of offspring, the WCM is classified 
as an r-selection species (Speight et al. 2008). Several characteristics of r-selected species 
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include a relatively high ability to disperse with an opportunistic ability for colonization 
(Speight et al. 2008). These r-selected characteristics can be seen in the dispersal of the 
WCM.  
Another r-selected characteristic is dominating habitats which are relatively hard 
to find – secluded or protected areas (Speight et al. 2008). As the name suggests, WCM 
feeding results in curling or rolling at the edge of the leaf, and this can lead to entrapment 
of the subsequent emerging leaf (Orlob 1966). The leaf curling creates a favorable micro-
environment for the mites to survive and colonize. Because of this secluded feeding 
behavior pesticides are not effective.  
Temperature and humidity play a significant role in reproduction and survival of 
the mite.  The optimum temperature for mite reproduction is 24-25°C (Salome et al. 
1964), and mite reproduction ceases as temperatures approach 9°C (Staples and Allington 
1956). Eggs did not hatch when exposed to -25°C for one day; however; when exposed to 
-20°C up to four days, they hatched (Slykhuis 1955). Egg hatch is dependent on 
temperature and humidity. At 100% humidity, hatching was completely arrested at 15°C 
and 5°C. Slykhuis (1955) found that all stages of mites overwinter in wheat. Nymphs and 
adult mites will freeze at temperatures between -26.5°C and -28.0°C (Slykhuis 1955).  
Mite survival when held off a living host decreased with increasing temperature 
(106 h at 10°C vs 17 h at 30°C) (Wosula et al. 2015a). At 25°C a mite will survive 10-37 
hours off a living host depending on humidity (40 h at 95% RH vs 9.5 h at 2% RH at 
25°C) (Wosula et al. 2015a). The temperature and humidity requirements for mite 
survival off a living host emphasize the need of an alternative host for mite survival.  
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In addition to temperature and humidity affecting survival and reproduction rates, 
viruses can also impact reproduction rates. WSMV positively impacts reproduction rates 
for Type 2 mites, whereas TriMV negatively impacts mite populations (Siriwetwiwat 
2006, McMechan et al. 2014). Mites infected with TriMV had a ~20% reduction in 
survival at 20°C as compared to mites infected with WSMV (Wosula et al. 2015b).  
Alternative Hosts 
The primary host of the WCM is wheat, although there have been approximately 
90 reported hosts for WCM. Few of these pose as serious a threat as winter wheat 
(Amrine and Stasny 1994, McMechan 2016). Hosts growing during the green bridge 
exhibit greater potential for virus impact for winter wheat in the Great Plains. For an 
alternative host plant to be a concern for this complex, the host must be a suitable host for 
the mite to reproduce successfully. In addition, a host must also be susceptible to the 
virus, allowing the mites to reproduce and remain viruliferous.  
McMechan (2016) evaluated potential WCM over-summering hosts under field 
conditions and found barnyard grass provided the greatest mite movement and virus 
spread when compared to foxtail millet, green foxtail, corn, and post-harvest volunteer 
wheat. In addition to barnyard grass, green foxtail and foxtail millet have potential to 
cause virus impact to fall planted winter wheat, though the potential risk is lower due to 
the reduced mite reproduction on these hosts (McMechan 2016). Corn is another alternate 
host of the WCM. Knoell (2018) demonstrated that corn at reproductive stages can 
support high populations of viruliferous mites, and the mites dispersing off corn have 
potential to transmit WSMV and HPWMoV to winter wheat.  
8 
Mite Dispersal 
Dispersal is important for eriophyid mites as this serves as a means for survival 
with subsequent reproductive success on a suitable host plant (Michalska et al. 2010). 
Eriophyid mites have four potential modes of dispersal including wind, phoresy, walking, 
and rain (Michalska et al. 2010). Approximately 16 species of eriophyid mites have been 
documented to disperse via phoresy, 13 species to disperse via walking, and six species to 
disperse by the rain (Michalska et al. 2010). However, the major mode of eriophyid 
dispersal is via wind as seen in over 24 species (Michalska et al. 2010). To facilitate 
aerial dispersal, mites take an upright stance on leaf tips or edges allowing the mite to 
more effectively be lifted by the wind out of the laminar layer (Sabelis and Bruin 1996). 
Reduced aerial dispersal has been seen with low wind speed, reduced temperatures, and 
during darkness (Sabelis and Bruin 1996).  
An understanding of WCM dispersal is important because of its impact on virus 
spread. Mites will disperse when there are favorable environmental conditions since they 
have limited survival off a living host (Wosula et al. 2015a). Higher temperatures when 
the mites disperse reduces the survival rate regardless of the humidity (Wosula et al. 
2015a). Several modes of WCM dispersal have been identified including walking, 
phoresy, and wind dispersal (Slykhuis 1955, Gibson and Painter 1957, Salome et al. 
1964). There is evidence that WCM are wind dispersed as they have been found on 
silicone grease-coated slides (Nault and Styer 1969). Of these three, wind plays a critical 
role in mite dispersal as documented by Slykhuis (1955). Most short distance plant to 
plant movement of the WCM is by walking, and they have been shown to walk at a speed 
of 4-5 cm per hour (Salome et al. 1964). Thus, if wheat plants are touching one another, 
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interplant movement is likely to occur by walking. Gibson and Painter (1957) 
documented phoresy with WCMs hitching a ride on aphids in a greenhouse setting. Mites 
were seen crawling on the aphid’s leg before the aphid took flight. Phoresy and walking 
are of lesser importance when compared to wind dispersal due the potential impact of the 
virus affecting a greater area. For phoresy to be effective, both aphid and WCM 
populations would need be very high in order to see a wide distribution of the virus. No 
studies have shown phoresy to be a factor in widespread epidemics.  
Local movement, i.e. spread among local fields, occurs via wind dispersal. Mites 
have a unique behavior for initiating wind dispersal that consists of moving upward on 
the plant to exposed areas and standing on their anal sucker and waiting for the wind to 
carry them away (Nault and Styer 1969). This behavior is mostly limited to adults as 
most all the mites collected were adults (Nault and Styer 1969). The distance a WCM is 
able to disperse is unknown; however, Stilwell et al. (2019) has estimated that mites can 
disperse in significant numbers up to 3.3 km from the source field. Staples and Allington 
(1956) showed that mite dispersal is correlated to wind velocity through a series of 
collections and estimating the wind velocity. WCMs can disperse at any wind speed, 
although mites tend to disperse further at higher wind speeds (>9 m/s; Stilwell et al. 
2019). In the Great Plains, these higher wind speeds are often associated with a high-
pressure system with winds coming from the northwest (Stilwell et al. 2019). Through 
the fall, mite spread occurred in all directions; however, greater movement towards the 
southeast occurred as a result of these high winds. 
In addition to wind, mite density has been documented to impact dispersal 
(Thomas and Hein 2003, Stilwell et al. 2019). Thomas and Hein (2003) conducted a 
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greenhouse and field study to determine when WCMs move in relation to the condition of 
host volunteer wheat. For the greenhouse study, glyphosate treatments were used to affect 
plant condition. A wind tunnel was used to determine wind dispersal of the mites from 
the plants. They found that mite movement off plants differentially impacted by 
glyphosate was not closely associated with deterioration of the host. But a positive 
correlation existed between mite movement and mite density on the host (Thomas and 
Hein 2003). In the field study conducted by Thomas and Hein (2003), various stress 
levels were established by using differential fertilizer and watering treatments. This field 
study also indicated reduced plant condition of volunteer wheat was not the primary 
factor affecting WCM movement (Thomas and Hein 2003), but mite density on the 
source plant was the most important factor in the movement of WCMs. Similarly, 
Stilwell et al. (2019) found that the highest mite density corresponded to the greatest 
virus spread; however, they found this was not always the case. They proposed that other 
factors are involved such as fall temperatures, mite density at the source, wind direction 
and speed (Stilwell et al. 2019). Dispersal is also positively affected by light with mites 
dispersing during the daytime (Staples and Allington 1956). These studies illustrate that 
there are multiple factors which can influence mite dispersal. 
Viruses Transmitted 
 The wheat curl mite is a vector of three viruses, Wheat Streak Mosaic, Tritium 
Mosaic, and High Plains Wheat Mosaic Virus. It is very difficult to differentiate the 
symptoms of these viruses from one another in the field, and virus co-infections are 
commonly found within a field.  
Wheat streak mosaic virus  
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WSMV has been reported in many of the wheat growing areas in the world 
including North and South America, Europe, Australia, Middle East, and Africa (Staples 
and Allington 1956, Schubert et al. 2002, Ellis et al. 2003, Kapooria and Ndunguru 2004, 
Truol et al. 2004, Urbanavičienė et al. 2015, Bennypaul et al. 2019). In the Great Plains, 
WSMV is the most prevalent virus, compared to the other viruses in this complex 
(Byamukama et al. 2013). WSMV is a positive sense single stranded RNA virus in the 
genus Tritimovirus, family Potyviridae (Stenger et al. 1998). This virus is a long flexuous 
rod consisting of ~9,384 nucleotides and encodes for a single polyprotein of 3,035 amino 
acid residues (Stenger et al. 1998). WSMV can be transmitted by the WCM, the only 
known vector, and through seed at low levels (0.56-1.5%) (Slykhuis 1955, Jones et al. 
2005).  
In North America there are three main strains and numerous minor lineages of 
WSMV (McNeil et al. 1996, Choi et al. 2001). Each strain was collected in different 
locations, the Sidney 81 strain was collected from Nebraska, Type strain from Kansas, 
and the El Batán strain from central Mexico. The Type and Sidney 81 strains closely 
resemble each other with 97.6% nucleotide sequence match and 98.7% amino acid 
match. However, the El Batán 3 strain only shares 72.9-79.3% nucleotides and 90.3-
90.5% amino acid sequence identity with Type and Sidney 81 (Choi et al. 2001). These 
strains are all vectored by the WCM (Choi et al. 1999, 2001, Sánchez-Sánchez et al. 
2001).  
In the early stages of symptom development, infected plants exhibit a subtle 
yellow- green mosaic pattern on the uppermost leaf. If infection occurs prior to or early in 
tillering, severe stunting and spraddling (i.e. tillers spreading out close to the ground) will 
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occur (Wegulo et al. 2008). Wheat infected after tillering will display more subtle 
symptoms. As symptoms progress, the leaves become more yellow, and it can become 
hard to distinguish WSMV symptoms from other causes such as Barley yellow dwarf 
virus or nitrogen deficiency. 
The disease severity of WSMV is greatly influenced by the time of infection 
(Wosula et al. 2018). Wosula et al. (2018) showed that early fall infection of a susceptible 
winter wheat variety resulted in the highest WSMV infection rates and greatest yield 
reduction compared to late fall and early spring infection. In addition to the timing of 
infection, temperature plays an important role in virus development. Temperature 
influences WSMV development within the plant, specifically virus replication, systemic 
movement, and symptom development (Wosula et al. 2016). For both ‘Mace’, a WSMV 
resistant variety, and ‘Tomahawk’, a WSMV susceptible variety, virus was limited to the 
point of inculcation at 10°C. However, at 15°C the virus moved systemically in 
Tomahawk and showed mild symptoms, but as temperature increased to 25°C, severe 
symptoms developed. For Mace at 15°C, the virus was restricted to the point of 
inoculation, although at 20°C and 25°C, the virus moved systemically but plants 
developed no visual symptoms (Wosula et al. 2016). Therefore, at below optimum 
temperatures, WSMV movement was impaired, but virus replication and spread within 
the plant increased once optimal temperatures were present.  
In the central Great Plains, serious infection of WSMV typically begins in the fall, 
but symptoms do not appear until the spring after optimal temperatures occur. Although, 
with extended warm fall or winter weather or in areas further south with warmer fall 
conditions, symptom development can begin in the fall. There are projections that winter 
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temperatures will increase (0.8°C) in most areas in the United States, and this could 
potentially allow the mites and virus to continue to be active, resulting in greater risk of 
virus spread and development (Vose et al. 2017).  
Triticum mosaic virus  
TriMV was first discovered in Kansas in 2006 expressing similar symptoms to 
WSMV (Seifers et al. 2008). This virus is widespread through the Great Plains including 
Colorado, Kansas, South Dakota, Nebraska, Texas, and Wyoming (Burrows et al. 2009). 
TriMV is a positive sense single stranded RNA virus in the genus Poacevirus, family 
Potyviridae (Tatineni et al. 2009). TriMV is 10,266 nucleotides in length and encodes for 
3,112 amino acids (Fellers et al. 2009). TriMV is most closely related to Sugarcane 
streak mosaic virus also in the same genus (Seifers et al. 2008). Seifers et al. (2009) 
determined the wheat curl mite to be the vector of TriMV by using single mite transfers. 
Other small grains such as barley, oat, rye, and triticale are alternative hosts of TriMV 
(Seifers et al. 2010).  
In a survey across Colorado, Kansas, Nebraska, and South Dakota in 2010 and 
2011, 91% of all the TriMV positive samples were co-infected with WSMV 
(Byamukama et al. 2013). A co-infection of two or more viruses can increase disease 
severity and have a negative effect on yield determinants, such as biomass, tillers, and 
total nitrogen (Byamukama et al. 2012, 2013). 
There is a synergistic interaction with a co-infection of wheat by WSMV and 
TriMV (Tatineni et al. 2010, Tatineni et al. 2014b). Tatineni et al. (2010) found cultivar-
specific virus synergism by using three cultivars ‘Arapahoe’, ‘Tomahawk’, and Mace 
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with two temperature regimes of 19°C and 20 to 26°C. In Arapahoe and Tomahawk, both 
susceptible varieties, at both temperature regimes, synergism was seen with more severe 
symptoms (leaf deformation, bleaching, stunting) and a 2.2 to 7.4-fold increase in 
accumulation of WSMV and TriMV compared with single infections at 14 days after 
inoculation. At 28 days after inoculation in both double virus infections at 20 to 26°C, the 
concentration of TriMV was increased by 1.4 to 1.8 in Arapahoe and Tomahawk, but 
only a 0.5 fold decrease was seen with WSMV concentration (Tatineni et al. 2010). In 
Mace poor virus replication of WSMV and TriMV were observed at 19°C with no 
synergism; however, at 20 to 26°C moderate levels of virus accumulation was seen 
(Tatineni et al. 2010). Tatineni et al. (2014b) further examined the synergistic interaction 
using Arapahoe and Mace varieties at 18 and 27°C looking at the endogenous and virus-
derived small interfering RNAs (vsiRNAs). A shift in the endogenous small RNAs was 
seen with 24 nucleotides (nt) being predominant in healthy plants but 21 nt in infected 
plants. In both single and double virus infections massive amounts of 21 and 24 nt 
accumulated in Arapahoe at both temperatures and in Mace at 27°C, but not at 18°C. 
These findings suggest that the synergistic effect seen is independent from RNA-
silencing mediated vsiRNA biogenesis (Tatineni et al. 2014b). The synergistic interaction 
of WSMV and TriMV is important because the combination of viruses can cause the 
plant to deteriorate faster. 
High Plains wheat mosaic virus 
HPWMoV was first reported in the Great Plains during the 1993-94 growing 
season for maize and wheat in Texas, Kansas, Colorado, Idaho, Utah, and Nebraska 
(Jensen et al. 1996). This virus has also been reported in Montana, North Dakota, 
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Oklahoma, South Dakota, Wyoming, Ohio, and Argentina (Burrows et al. 2009, Stewart 
et al. 2013, Alemandri et al. 2017). In the literature, HPWMoV has been referred to as 
High Plains virus, wheat mosaic virus, maize red stripe virus, and wheat mosaic high 
plains virus. This virus is classified in the family Fimoviridae, genus Emaravirus (Snihur 
et al. 2019). HPWMoV is a multipartite, negative-sense RNA virus composed of eight 
genomic segments (Tatineni et al. 2014a). The RNA segment is associated with a 32-kDa 
protein in a double membrane-bound particle 120-200 nm in diameter (Ahn et al. 1998). 
This virus occurs mostly as a co-infection with WSMV and/or TriMV through much of 
the Great Plains (Burrows et al. 2009). Seifers identified WCM as a vector of HPWMoV 
causing infection in barley and wheat (Seifers et al. 1997). Alternative hosts of 
HPWMoV include cheatgrass, oats, and yellow foxtail (Seifers et al. 1998). Unlike 
WSMV and TriMV, this virus cannot be mechanically transmitted, which makes this 
virus difficult to study since a viruliferous mite colony must be maintained.  
Virus Transmission 
According to Orlob (1966) the minimum time to acquire WSMV is 15 minutes of 
feeding on WSMV infected plants, although this was at a low transmission rate of <1%. 
The longer the WCM fed on WSMV infected plants the transmission rates increased. 
When the mites were allowed to feed on a WSMV infected plant for 16 hours the 
transmission rate increased to 50% (Orlob 1966). At room temperature WSMV persisted 
in WCMs for at least seven days and at 3°C at least 61 days. Transstadial transmission of 
WSMV occurs as mites acquire the virus as nymphs and are able to carry the virus 
through molts (Slykhuis 1955). However, adult mites are not able to acquire WSMV 
(Siriwetwiwat 2006). Type 2 mites have been documented to transmit two strains of 
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WSMV (Type and Sidney 81) at higher rates compared to Type 1 mites (Wosula, et al. 
2015b). Similar to WSMV acquisition, adult WCMs are unable to acquire TriMV; 
therefore, mites must acquire it as nymphs (Knoell 2018). TriMV can be acquired within 
an hour of feeding on infected plants with the transmission peaking by 24 hours after 
acquisition (Knoell 2018). The mites are able to transmit TriMV at a high efficiency for 
the first day, but efficiency declined to lower levels on days six and eight (Knoell 2018). 
For both WSMV and TriMV the transmission efficiency increases with increased 
acquisition time (Orlob 1966, Knoell 2018). Limited information is known about 
HPWMoV transmission characteristics, due to it only being mite transmissible. However, 
it is known that Type 2 mites are more efficient in transmitting HPWMoV than Type 1 
mites (Seifers et al. 2002).  
Management of the Virus Complex 
Miticides are ineffective in managing WCM because mites are well protected 
within the whorl and curl of the wheat leaves (Staples and Allington 1956; Wegulo et al. 
2008). Nevertheless, potential management options for this virus complex include 
cultural control practices and host pant resistance (Wegulo et al. 2008). Another practice 
is to avoid planting before the recommended planting date for the local region 
(McMechan and Hein 2016). The primary cultural control practice for managing this 
virus complex is to manage volunteer wheat or alternative hosts for the WCM during the 
green bridge period by using tillage or herbicides. 
During the green bridge period, mites must find another host to survive on until 
the new wheat crop is planted. The spread of the mite-virus complex can be prevented by 
managing potential hosts for the WCM. In the central Great Plains, the primary host 
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during this time is volunteer wheat that emerges prior to harvest (i.e. pre-harvest 
volunteer wheat). This most often results after a hailstorm that shatters the grain/wheat 
heads onto the ground. A less common occurrence is pre-harvest volunteer wheat 
resulting from seed remaining from the previous wheat crop and germinating and 
remaining uncontrolled in the subsequent summer crop. Pre-harvest volunteer wheat 
carries the highest risk because it is readily available as a host for the mites as they move 
off the maturing wheat. As wheat is maturing the mites are at their peak or highest 
population of the year (McMechan and Hein 2017), and they need to find a host to 
survive on, since their survival off a living host is very limited (Wosula et al. 2015a). 
Therefore, pre-harvest volunteer wheat is important to manage because of its potential to 
act as a source of mites and virus for newly planted wheat fields in the surrounding area 
(Wegulo et al. 2008, Coutts et al. 2008). In addition to cultural practices, host plant 
resistance options are increasing, and these can be used as a preventive measure when 
mite and virus pressure is prevalent. 
Host Plant Resistance 
Wheat varieties have been developed that are resistant to WSMV and varieties 
that are resistant to WCMs. Wsm1, Wsm2, and Wsm3 are genes that have been used for 
virus resistance in wheat (Graybosch et al. 2009, Zhang et al. 2015, Tatineni et al. 2016). 
The Wsm1 and Wsm3 genes originated from Thinopyrum intermedium, and they were 
transferred to wheat by Robertsonian translocations (Kumssa et al. 2019). Wsm2 was 
identified in a wheat breeding line CO960293-2 (Kumssa et al. 2019). Mace (Wsm1), 
‘Snowmass’ (Wsm2), ‘Clara CL’ (Wsm2),  and ‘Oakley CL’(Wsm2) are examples of 
resistant varieties that are available commercially (Graybosch et al. 2009, Haley et al. 
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2011, Martin et al. 2014, Zhang et al. 2015, Tatineni et al. 2016, Kumssa et al. 2019). 
Under virus pressure, Mace yields more than susceptible varieties, such as Millennium or 
Tomahawk (McMechan and Hein 2016). However, in the absence of virus pressure, 
Wsm1 may come with a yield penalty (Sharp et al. 2002). Although Divis et al. (2006), 
states there is no yield detriment with Wsm1 in the absence of virus. Wsm1 is resistant to 
both WSMV and TriMV, but Wsm2 is resistant only to WSMV. Therefore, Wsm1 has an 
advantage due to coinfections of these viruses (Byamukama et al. 2015, Tatineni et al. 
2016). But no additional commercial varieties with Wsm1 have been developed. 
Resistance in Mace is temperature sensitive, with resistance beginning to break down as 
temperatures increase above 20°C. This resistance is due to blocked entry into the 
vasculature preventing the long-distance transport of WSMV into the wheat plant 
(Tatineni et al. 2016).   
Genes used for WCM resistance include Cmc1, Cmc2, Cmc3, and Cmc4. Cmc 
refers to curl mite colonization (Thomas and Conner 1986). ‘TAM 107’(Cmc3) is an 
example of a WCM resistant variety (Malik et al. 2003, Dhakal et al. 2017). These genes 
originate from Aegilops tauschii (Coss.) Schmal. (syn. Ae. Squarrosa L.; Triticum 
tauschii) (Cmc1 and Cmc4), Agropyron elongatum (Host) Beauv. (Cmc2), and Secale 
cereal (Cmc3) (Thomas and Conner 1986, Whelan and Hart 1988, Malik et al. 2003). The 
underlying mechanisms of these are unknown, but their presence results in reduced 
reproductive capacity of mites. WCM resistance can reduce the population of mites and 
subsequent virus spread although the effectiveness of resistant varies depending on the 
local populations of mites (Harvey et al. 1997). TAM 107 was a widely used variety 
during the 1980’s into the mid 1990’s, but WCM strains became adapted to the presence 
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of this gene in wheat reducing its effectiveness (Harvey et al. 1995, 1997). Therefore, 
varieties with these resistance genes could be useful, but their stability in the face of 
diverse mite populations needs to be determined. 
Reflectance as a Tool for Pathogen Detection 
Pathogens can be detected by direct or indirect methods. Direct methods include 
serological or molecular assays. Indirect methods include biomarker-based or plant 
properties/stress-based detection (Sankaran et al. 2010). One way to detect changes in 
plant properties or if the plant is stressed is to use remote sensing (Sankaran et al. 2010). 
Remote sensing is the use of sensors to collect information without physical contact 
(Jensen 2007). Spectral reflectance can be collected by various imaging techniques 
utilizing hyperspectral imaging and spectroscopic techniques utilizing visible, infrared, 
fluorescence, and multispectral bands. From the various spectral reflectance data 
collected, vegetative indices have been developed to reduce the dimensionality of the 
spectral bands. Examples of vegetative indices include NDVI (Normalized Difference 
Vegetation Index), RGBVI (Red Green Blue Vegetation Index), ExG (excess green), and 
red-edge position (REP). These indices are calculated from the wavelengths plants 
reflect. Most plant leaves absorb 80-95% in the blue region (400-500 nm), 60-80% in the 
green region 80-90% (500-600 nm), 80-90% in the red region (600-700 nm), and 5% in 
infrared region (800-1,200 nm) (Loomis 1965). If plants are stressed, the normal 
absorption levels will be affected and this will also affect reflectance. Consequently, this 
enables the use of reflectance to measure specific plant stressors. 
NDVI is a good indicator for plant stress and plant health, and it is correlated with 
leaf area index (LAI) (Jensen 2007, Paredes et al. 2017). NDVI is a ratio calculated with 
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reflectance values from the red and near infrared (NIR) wavelengths [(𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 − 
𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌)/(𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 + 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌), where 𝜌𝜌 represents spectral reflectance] (Jensen 2007). RGBVI is 
used to estimate plant biomass (Bendig et al. 2015). This vegetation index is the ratio of 
the “normalized difference of the squared green reflectance and the product of blue x red 
reflectance” [((𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 )2 – (𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 × 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌)) /((𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌) 2   + (𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 × 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌))] 
(Bendig et al. 2015). ExG is used to distinguish between plant material and the 
background of soil or residue (Meyer and Neto 2008). This index is calculated from 
reflectance values at the green, red, and blue wavelengths (2 × 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 − 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 – 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌) 
(Meyer and Neto 2008). The red edge is defined as the “position of the main inflection 
point of the red-infrared slope” (Clevers et al. 1994). If there is a decrease in leaf 
chlorophyll content this results in a shift of the red edge towards the blue (Clevers et al. 
1994). REP uses reflectance measurements at 670, 700, 740, and 780 nm. This can be 
calculated by: 700+40((𝜌𝜌red edge – 𝜌𝜌700)/ (𝜌𝜌740-𝜌𝜌700)) (Guyot et al. 1988, Clevers 
1994). The 𝜌𝜌 red edge inflection point is calculated by 𝜌𝜌670-𝜌𝜌780/2 (Guyot et al. 1988, 
Clevers 1994). Each of these vegetative indices have the potential to identify virus 
infection or virus spread because viruses cause plants to be stressed which often results in 
characteristic symptoms including color changes, reduced chlorophyll content, and 
reduced plant biomass. Virus infection and spread can result in dead plants leaving open 
areas of bare ground.  
Remote sensing has been used to detect and document spread of this virus 
complex (Workneh et al. 2009, Stilwell et al. 2013, 2019). Workneh et al. (2009) 
quantified WSMV by using a hand-held radiometer measuring reflectance at 555 nm 
wavelength. They found grain yield was significantly correlated with reflectance values. 
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Models were developed to predict the observed yield values as a function of WSMV 
spread across the field (Workneh et al. 2009). Stillwell et al. (2013) used remote sensing 
to detect WCM and associated viruses by comparing vegetation indices proximal sensing 
to ground referenced data. Ten vegetation indices were looked at and REP had the 
highest correlation with relative chlorophyll content and biomass. REP index has 
implications for identification of WCM-vectored viruses and the potential to enable 
quantification of spatial spread of the virus from the initial source of WCMs. Stillwell et 
al. (2019) used aerial remote sensing, ground measurements, geostatistics, and 
geographic information system (GIS) to characterize spatial spread of virus infested mites 
from a central location. Virus symptoms extended in all directions from a central mite 
source area, and utilizing cokriging they showed an oval pattern surrounding the virus 
source although it was displaced to the southeast. These studies provide a foundation of 
information using remote sensing techniques, although further research is needed to 
confirm parameters of mite dispersal and WSMV spread. 
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CHAPTER 2 
 DISPERAL OF WHEAT CURL MITE FROM VIRUS INFECTED 
WHEAT IN A GREENHOUSE  
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 Introduction 
Wheat streak mosaic virus (WSMV), Triticum mosaic virus (TriMV), and High 
Plains wheat mosaic virus are plant viruses transmitted by the wheat curl mite (Aceria 
tosichella Keifer) (WCM) to wheat (Triticum aestivum L.). Wheat yield reductions can 
result if mite populations are high, but in the Great Plains the greatest damage from this 
mite-virus complex is due to the viruses (Harvey et al. 2002, Wegulo et al. 2008). 
Significant wheat yield losses were seen in 2017 with this complex throughout the Great 
Plains, costing Kansas producers alone approximately 19.3 million bushels of wheat 
(Hollandbeck et al. 2017).  
As wheat is reaching maturity, WCMs are building up in population in the wheat 
head, and they reach their highest populations of the season (McMechan and Hein 2017). 
During this time in the Great Plains, hailstorms often occur shattering grain from the 
head. In moist conditions, this grain rapidly germinates and results in pre-harvest 
volunteer wheat. This volunteer is an excellent host for the mites and viruses and poses a 
very high risk. If this wheat is left uncontrolled and new wheat is planted nearby in the 
fall, mites will move from the volunteer into the new wheat continuing the cycle for this 
virus complex. Early fall infections result in the highest virus infection rates and the 
greatest yield reduction, as compared to late fall or early spring infections (Wosula et al. 
2018).  
Post-harvest volunteer wheat is also common in the Great Plains, and when 
conditions are suitable it develops from remnant seed left over after harvesting a field. 
Unlike pre-harvest volunteer wheat, post-harvest volunteer wheat is infested slowly and 
has reduced mite populations. Thus, post-harvest volunteer poses less risk compared to 
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pre-harvest volunteer wheat because of its reduced mite population. However, the risk of 
post-harvest volunteer wheat across the Great Plains is not well understood, but its virus 
risk does appear to increase the longer that volunteer is growing. Because mite densities 
in post-harvest volunteer begin at low levels, mite buildup and dispersal within the post-
harvest volunteer would be important in determining the risk level. To discern the risk 
level of this mite-virus complex, further understanding of mite population dynamics and 
mite dispersal in vegetatively-growing wheat (i.e. volunteer) is necessary.  
Management of volunteer wheat and alternative hosts during the green bridge 
period (between wheat harvest and emergence of the new crop) is important to eliminate 
hosts for the mite and virus. Survival of the mite is limited when off a living host 
(Wosula et al. 2015). By eliminating hosts for the WCM, the potential risk from this 
complex is reduced. Several effective management strategies are used, including tillage 
or herbicide applications to control the volunteer wheat or alternative hosts (Wegulo et al. 
2008). Optimizing the timing for these management strategies will rely on a better 
understanding of the mite’s population dynamics and dispersal. 
Dispersal of the WCM is important due to the subsequent spread of the virus. 
Wind plays a critical role in mite dispersal (Slykhuis 1955), and wind strength and 
direction affects dispersal of WCMs to neighboring crop fields (Coutts et al. 2008, 
Stilwell et al. 2019). Stilwell et al. (2019) observed virus spread into wheat through the 
fall to occur in all directions from an initial source, but an oval pattern of greater virus 
spread was found to be displaced to the southeast of the mite source. Even though mites 
can disperse at any wind speed, greater dispersal resulted at higher wind speeds (>9 m/s) 
(Nault and Styer 1969, Stilwell et al. 2019). These higher wind speeds are often 
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associated with high pressure systems in the Great Plains with strongest winds coming 
from the northwest (Stilwell et al. 2019).  
Wind is an important factor in WCM dispersal, but population density has a 
greater influence. McMechan and Hein (2017) documented that the highest population of 
mites on wheat heads occurred during the hard dough stage of winter wheat. Nault and 
Styer (1969) indicate that as host tissues senescence and mature, mites positively respond 
to light and move to exposed surfaces near the top of plant and exhibit dispersal behavior. 
These studies emphasize that mites are at high population densities and disperse when the 
plant begins to senesce and mature. Stilwell et al. (2019) conducted a field study of mite 
dispersal and virus spread from a central volunteer wheat mite source and observed that 
the highest mite density corresponded to the greatest virus spread. Thomas and Hein 
(2003) conducted greenhouse and field studies to determine when WCMs move in 
relation to plant condition on vegetative wheat. They found that mite dispersal was not 
closely associated with deterioration of the host. Rather, they concluded that mite density 
was the primary factor affecting the degree of mite movement.  
Understanding the relationship between mite population density in low level 
infestations and dispersal of mites within vegetative stage volunteer wheat is critical to 
determine the development of mite/virus risk for volunteer wheat. With this information, 
predictive risk models could be developed to help farmers determine if their fields are at 
risk for virus infection. The objective of this study was to evaluate the effects of WCM 
population levels and the condition of the host on mite dispersal. We hypothesized that 
mite dispersal is density dependent and more mites would disperse off treatments with 
increasing mite populations. 
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Material and Methods 
Wind tunnels were used to evaluate the relationship between mite population 
levels and the number of mites dispersing. Three treatments were chosen to derive 
different mite population levels. The low mite population was viruliferous for WSMV 
and TriMV on the wheat variety ‘Settler CL’, the medium mite population was 
viruliferous for only WSMV on Settler CL, and the high mite population was viruliferous 
for WSMV on ‘Mace’, a wheat variety resistant to WSMV (Graybosch et al. 2009). 
TriMV was used for the low population because it has been documented to have a 
negative impact on mite reproduction (McMechan et al. 2014, Oliveira-Hofman et al. 
2015, Knoell 2018). Unlike TriMV, WSMV positively impacts mite reproduction 
(Siriwetwiwat 2006). Mace was used to derive elevated mite populations because of its 
improved plant condition over time. The experiment was a randomized complete block 
design consisting of three mite population treatments. Because of time and space 
constraints, only two replications were performed at a time, and there were four runs, 
totaling eight replications.  
Mite populations for infestations 
This study was conducted using Type 2 WCMs (‘Nebraska’ mite colony; Hein et 
al. 2012). The mite colony was maintained on wheat plants (cv. ‘Settler CL’) in 15-cm-
diameter pots. Plastic cylindrical cages were used to cover the plants to prevent cross 
contamination of the colony. The cage had two 8-cm-diameter holes on opposite sides 
one-third the way from the bottom. Nitex screen (80-micron mesh opening; BioQuip 
Products, Rancho Dominquez, CA) was placed on the top and side holes. The colony was 
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maintained under artificial light with a 14:10 (Light:Dark) photophase at 22-24°C. Every 
three weeks fifty mites were transferred to a new pot of wheat plants. 
Wheat plants ‘Settler CL’ were grown in flats (32 cm x 51 cm x 10 cm) as a 
source for viruliferous mites to be used for the infestation of treatment flats. Seeds were 
planted in four rows within the flat with approximately 15 cm between each row and 15 
seeds per row. The flats were kept in a greenhouse with no artificial light with 
temperatures between 24-29°C. Approximately fourteen days after planting, the source 
flats were infested with aviruliferous mites. Four days post infestation (DPI), the plants 
were manually inoculated with virus. For the three treatments, two flats were inoculated 
with WSMV only and one with a combination of WSMV and TriMV. For the double-
inoculated treatment, the inoculum of both viruses was combined just prior to 
inoculation. The virus inoculum was prepared by grinding infected wheat tissue with a 
mortar and pestle in sterile distilled water (1:20 [wt/vol])(McMechan et al. 2014). A light 
dusting of carborundum was placed on the leaves, and plants were inoculated by gently 
rubbing the inoculum on to the upper part of the leaves with the pestle. Source flats were 
given approximately four weeks for virus and mite populations to increase before using 
them to infest the treatment flats.  
For each replicate, two flats of Settler CL and one flat of Mace were planted. Two 
weeks after planting, the treatment flats were infested with viruliferous mites from the 
source plants. Plants from the source flats were cut into leaf pieces with approximately 35 
mites each. Leaf pieces were placed in the upper leaf axil of every wheat plant in the 
treatment flat. After the flats were infested with mites, they were individually covered 
with cages (0.6 m by 0.6 m by 0.6 m high; 680 µm mesh screen; BugDorm, MegaView 
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Science Co., Ltd., Taichung, Taiwan) and watered with drip irrigation to prevent cross 
contamination between flats. After infestation, unused source plants were tested for virus 
by DAS-ELISA as described in Wosula et al. (2015). The absorbances from DAS-ELISA 
were determined at 405 nm (Multiscan FC Spectrophotometer, Thermo Fisher Scientific 
Inc. Waltham, MA.). If the absorbance values were two times or greater than the negative 
(healthy) control absorbance, the plant samples were considered positive for the virus.  
Wind tunnel design  
Three wind tunnels were constructed with a plywood base (2.4 m x 0.5 m) 
supported on a wooden frame. A board (5 cm x 10 cm) was attached along each long side 
of the base, and five evenly spaced holes were drilled along the length of these boards 
(depth ca. 4 cm). A heavy wire (0.5 cm dia. x 1.2 m) was bent into a semicircle and the 
ends inserted into the holes on either side of the base to provide a frame for the plastic 
sheeting. Clear HDX plastic sheeting (3.5 mil; Home Depot Atlanta, GA) was cut (2.4 m 
x 1.3 m) and stretched over the wire frame and fastened to the base on each side. The 
wind tunnels were 2 m in length with the plastic sheeting tunnel being 46-cm in height 
and 48-cm wide at the base. A 3-speed box fan (52 cm x 55 cm; Lasko, Wester Chester, 
PA) was placed at one end of the tunnel to provide airflow through the tunnel. The box 
fan was set at a setting of three at all times. To stabilize the box fan a board (4 cm x 1 
cm) was attached to the plywood base on each side of the fan.  
On the opposite end of the wind tunnel, two mite sampling devices were placed 
just inside the opening. Each of these consisted of a PVC reducer fitting (20 cm dia. 
opening reduced to 10 cm dia.) attached to a 90o PVC elbow (10 cm dia.) that diverted 
the airflow down to a collection trap. These sampling devices were secured in the center 
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of the tunnel opening. Each collection trap consisted of a 10-cm-square petri dish 
containing 40 ml of water, and it was placed approximately 3 cm below the bottom 
opening of the PVC elbow. A water solution (400 parts distilled water: 1-part dish soap) 
was used to ensure the mites would readily break the surface tension and collect in the 
water solution.  
Treatment exposure in wind tunnel 
Cages were removed from the treatment flat prior to exposure in the wind tunnel. 
Flats were placed into a wind tunnel for a two-hour exposure at seven to ten-day 
intervals. Exposure in the wind tunnel was repeated from the initial infestation date until 
there was a significant decline in mite populations (collection dates: Rep 1&2: 14 July – 
2 Sept. 2017, Rep 3&4: 18 Sept. – 1 Nov. 2017, Rep 5&6: 11 April – 6 June 2018, Rep 
7&8: 17 May – 28 June 2018). Three wind tunnels were held in a single greenhouse bay 
so only one replication could be exposed in the wind tunnels at a time. Therefore, on the 
day of sampling, one replication was exposed in the wind tunnel from 11 am – 1 pm and 
the next replication exposed from 1:15 – 3:15 pm. At each sampling, treatment flats were 
randomly assigned to different wind tunnels, and the treatment flats were rotated 180o on 
successive exposures to alter the direction of wind blowing across the plants. During 
exposure in the wind tunnel, flats were placed inside the wind tunnel 0.4 m from the fan, 
and the fan was placed at the end of the wind tunnel. There was a distance of 1.2 m 
between the back edge of the flat and the sampling devices.  
After exposure in the wind tunnel the liquid in mite collection traps was poured 
into vials, and the mites were later counted under a stereomicroscope. The mite collection 
traps provided an estimate of the number of mites that dispersed from the flat. The mite 
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populations in the treatment flats were sampled at each wind tunnel sampling by 
randomly selecting five plants from each flat after exposure in the wind tunnel. Mites 
from these plants were counted under a stereomicroscope. To confirm virus presence in 
the flats, the sampled plants were periodically tested for virus presence throughout the 
wind tunnel exposure periods. All sampled treatment plants were assayed via DAS-
ELISA at approximately four weeks after infestation. To monitor plant quality and virus 
symptom development in the treatment flat, relative chlorophyll content was measured by 
using a SPAD-502 chlorophyll meter (Konica Minolta Sensing Singapore Pte. Ltd.) 
(Thomas and Hein 2003, Byamukama et al. 2012). SPAD readings on twelve plants per 
flat per treatment were taken to calculate an average after exposure in the wind tunnel.  
When the flats were in the wind tunnel, a Kestrel 5000 (Kestrel Instruments, 
Boothwyn, PA) was used to record temperature, relative humidity, and atmospheric 
pressure. To measure the wind speed after the wind had moved across the flats, another 
Kestrel reading was taken in the wind tunnel 20 cm from the flat. A final Kestrel reading 
of wind speed was taken above the sampling devices as the air exited the wind tunnel. 
To evaluate the potential for mites randomly moving in the exhaust from the wind 
tunnels and circulating in the airflow within the greenhouse bay, sampling dishes were 
placed in the greenhouse during periods of wind tunnel operation. Two 10-cm-square 
petri dishes containing 40 ml of soapy water were placed on surfaces on opposite sides of 
the greenhouse bay where the wind tunnels were in operation. After completion of each 
replication in the wind tunnel operation, the solution from these sampling dishes was 
inspected for mite presence. 
Statistical analysis  
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The average number of mites per plant from each treatment flat was used to 
estimate mite density. To account for the reduced number of plants remaining in the 
treatment flats after sampling, the estimated total mite population of each treatment was 
determined by multiplying the mite density by the number of plants remaining in the flat 
for that given sample time. The ratio of mites dispersing was calculated by dividing the 
number of mites caught in the collection traps (i.e. mites dispersing) by mite density for 
that sampling event. For all analyses (except for area under the curve, see below), data 
were grouped by weeks after infestation. The groups were as follows week 1 (7,10 DPI), 
week 2 (14 DPI), week 3 (20, 21 DPI), week 4 (28 ,31 DPI), week 5 (35 DPI), week 6 
(42, 44 DPI), week 7 (49 DPI), week 8 (54,56,57 DPI), week 9 (64 DPI), and week 10 
(70 DPI). In all analyses, week 10 was excluded due to the decline of plant condition and 
the highly variable mite estimates that resulted. 
An analysis of variance was conducted on relative chlorophyll content, mite 
density, mites dispersing and the mite dispersal ratio using PROC GLIMMIX (SAS 
version 9.4; SAS Institute Inc., Cary, NC). Week nine and when the mite dispersal was 
greater than 30, was excluded from the mites dispersing analysis because of the high 
variability with excessive zeros included. These data were normally distributed. A 
repeated measures analysis was used and the arh(1) covariance structure was fitted to 
these data. Mite density and mites dispersing were scaled down by 100 for the arh(1) 
covariance structure to fit the data. Tukey adjustments were used to determine significant 
differences between treatments and weeks. Fixed effects were mite population treatment 
and sampling week. Random effects were replication within run and replication. 
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The area under the curve (AUC) was calculated for mite density to reflect mite 
density changes through the sampling weeks in R statistical software (R version 3.6.1) 
using flux and base packages (Jurasinski et al.2014). Flux calculates the AUC following 
the trapezoid rule. These calculations provided an estimate of mite days/plant for each 
treatment population. An analysis of variance was conducted on the AUC data using 
PROC GLIMMIX. Mite population treatments was the fixed effect and replication by run 
was the random effect.  
Correlations were determined between relative chlorophyll content, mite density, 
mites dispersing, mite dispersal ratio, and estimated population. Pearson correlation was 
used for relative chlorophyll content, mite density, estimated population, and mite 
dispersal ratio. Spearman correlation was used between mites dispersing and mite 
density.  
Mites dispersing was regressed on mite density because they resulted in the 
highest correlations. Data where mite density was greater than 5000 mites per plant were 
excluded from the regression because these values are extreme and only seen in protected 
(e.g. greenhouse or colony) populations. The data were fitted to a negative binomial 
distribution and a natural log transformation was used for the analysis. The regression 
equation was back transformed for presentation here. Predicted values from the model 
were regressed on the observed mite density values, and the coefficient of determination 
(R2) was determined for this relationship to evaluate the fit for the model. 
Results 
The source plants used for infestation of the treatment flats tested positive in 
ELISA assays for the associated viruses (i.e. WSMV, TriMV) for each treatment. In 
41 
 
 
ELISA assays, mite population treatment plants sampled at the 4-week sampling were all 
positive for WSMV and the TriMV treatment plants were positive for TriMV. However, 
limited contamination of TriMV in the medium and high WCM density treatments was 
noted in some replications (34% plants positive for TriMV). In wind tunnels during 
exposure times the average temperature was 28.6 °C, average relative humidity was 51%, 
and average atmospheric pressure was 973 mb. The wind speed after it had crossed the 
flats was an average of 1.2 m/s. The wind speed as it passed the sampling devices was an 
average of 3.4 m/s. The petri dishes placed outside the wind tunnels to monitor random 
mite movement caught minimal mite movement (average 3 mites).  
The analysis of relative chlorophyll content resulted in significant effects of 
WCM density treatments (F2,86=27.96 , P<0.0001), week (F8,86=23.83 , P<0.0001), and 
their interaction (F16,86=2.33, P=.0066) (Fig. 2.1). The high WCM density treatment 
plants remained healthier throughout the study period with an average relative 
chlorophyll content of 35.6 compared to the low (29.0) and medium mite population 
treatments (30.1). The high WCM density had significantly higher average relative 
chlorophyll content than the low and medium treatment at all weeks (p<0.05) except for 
week 5. The effect of weeks was seen in relative chlorophyll content declining across the 
sampling weeks for all treatments. However, the significant interaction indicates that 
relative chlorophyll content for the high population treatment (i.e. resistant variety Mace) 
declined at a slower rate than for the other two treatments. 
For mite density, the effect of mite population treatments (F2,79=6.96, p=0.0016), 
week (F8,79=21.21, p<0.0001), and their interaction (F16,79=4.38, p<0.0001) were all 
significant (Fig. 2.2). Mite population treatments were similar in buildup for the first 
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three weeks, peaked during week 5 or 6, and exhibited a significant decline thereafter. 
The significant interaction resulted from a lower overall density for the low population 
treatment and differential increases to peak and decline for the other two population 
treatments.  
We used an AUC analysis to better quantify the population across the sampling 
periods for the population treatments. For this analysis, there were significant treatment 
effects (F2,14=7.47, P=0.00062). Total mite buildup as measured by AUC for the high 
(116,318 mite-days/plant) and medium (103,746 mite-days/plant) mite populations were 
significantly greater than the low mite population (69,958 mite days/plant) ( t=3.74, 
p=0.0022 and t=2.72, p=0.0165, respectively). 
For the analysis of mites dispersing, the effects of mite population (F2,89=4.63, 
P=0.0123), week (F7,89=17.52, P<0.0001), and their interaction (F14,89=8.42, P<0.0001) 
were significant (Fig. 2.3). The high mite population had a higher average mite dispersing 
(634) than the low (204) (t=4.30, p=0.0105). The medium mite population had an average 
of 499 mites dispersing. The number of mites dispersing increased with weeks after 
infestation. The significant interaction indicates that the rate of increase of mites 
dispersing across weeks differed between treatments with the highest values for the high 
population. 
In the analysis of variance for mite dispersal ratio, the main effect of week was 
significant (F8,78=18.06, P<0.0001); however, mite population treatments (F2,78=1.68, 
P=0.1926) and their interaction (F16,78=1.63, P=0.0797) were not significant (Fig. 2.4). 
This indicates that the proportion of mites dispersing increased and later declined with 
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time across all treatments following the population trends in Figure 2.2. In addition, these 
changes in mite dispersal ratio were similar between population levels.  
The estimated total mite population of a treatment and its mite density estimate 
were highly correlated (r=0.98, P<0.0001, n=100). Due to this, only mite density was 
used in further analyses. The correlation between relative chlorophyll content (plant 
condition) and mite density was not significant (r=0.02, P=0.83, n=106). Additionally, 
the correlation between relative chlorophyll content and mites dispersing was not 
significant (r=-0.10, P=0.27, n=119). There was a significant negative correlation 
between relative chlorophyll content and mite dispersal ratio (r=-0.26, P=0.0074, n=106). 
This indicates that as the plant condition declines a greater proportion of mites were 
dispersing. There was a significant positive correlation between mite density and the mite 
dispersal ratio (r=0.43, P<0.0001, n=110). This means as the mite density increased a 
greater proportion of mites dispersed. There was a significant positive correlation 
between mite density and mites dispersing (r=0.90, P<0.0001, n=110). To further 
quantify the relationship between mites dispersing and mite density, a regression analysis 
was conducted that demonstrated this positive relationship between mite dispersing and 
mite density (F1,101=96.6, P<0.0001) (Fig. 2.5) with a regression coefficient (R2) of 0.77.  
Discussion 
WCM population density was found to be the most important factor influencing 
the number of mites dispersing (r=0.90) in the wind tunnel. The number of mites 
dispersing increased as mite density increased, and the regression equation for this 
relationship is shown in Fig 2.5. The ratio of mites dispersing did not differ between mite 
populations; however, the ratio of mites dispersing did increase with populations levels 
44 
 
 
for all treatments (r=0.43). The correlations between plant condition, as measured by 
relative chlorophyll content, and mite density and mites dispersing were not significant. 
However, there was a negative relationship between relative chlorophyll content and the 
ratio of mites dispersing (Fig. 2.4).  
These results support the work of Stilwell et al. (2019) and Thomas and Hein 
(2003) that show that mite population has a greater impact on mite dispersal than plant 
condition. Contrary to this, Nault and Styer (1969) indicate that mites disperse when the 
host plant is mature and senescing, although they were looking a reproductive stage 
wheat. In the central Great Plains, vegetative stage wheat (i.e. volunteer) is the main 
green bridge host; therefore, WCM dynamics in vegetatively growing wheat are 
important in establishing mite/virus risk. 
The three mite population treatments were selected to derive different mite 
density levels. A small amount of TriMV contamination was seen among treatments by 
the 4-week sampling. Because cages were removed from the flats at each sampling, this 
level of contamination could not be avoided. The level of TriMV contamination (<34%) 
in the medium and high mite density treatments likely had minimal affect since it was not 
observed until the 4 -week sampling and would not have impacted the major mite buildup 
in these treatments. As expected, TriMV presence in the low mite population resulted in 
lower mite density (Fig. 2.2). This reduction aligns with previous research conducted by 
McMechan et al. (2014), Oliveira-Hofman et al. (2015), and Knoell (2018). 
Consequently, this reduced mite density resulted in a low level of mites dispersing from 
this treatment. This relationship will likely have important implications to the dispersal 
potential of mixed infections with TriMV in the field. The higher mite densities for the 
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medium and high mite populations were consistent with the literature on the positive 
impact of WSMV infected plants on mite reproduction (Siriwetwiwat 2006).  
In addition to the use of viruses to derive different populations, two distinct winter 
wheat varieties were chosen. Settler CL, a virus-susceptible variety, was used for the low 
and medium mite density treatment, and these treatments declined in relative chlorophyll 
content at an increased rate compared to Mace. Mace was used for the high mite 
population treatment because it was likely to be less impacted by the virus and remain 
healthy longer through the study. Higher relative chlorophyll content was seen for Mace 
throughout the study and this allowed for greater mite buildup and dispersal (Fig. 2.1). 
Because virus resistant varieties will remain healthy longer, greater mite buildup on virus 
resistant varieties could increase the risk of wheat yield loss from higher mite populations 
(Harvey et al. 2002). Therefore, it may be important to include mite resistance in virus 
resistant lines.  
The population dynamics of WCMs in vegetative wheat in relation to the wheat-
mite-virus complex is important to understand. Population development and dispersal of 
the mites and subsequent virus spread in vegetative stage wheat are the primary 
determinants in establishing risk for the main host during the green bridge (i.e. volunteer) 
in the Central Great Plains. This research further establishes mite density as the primary 
factor determining the extent of mite dispersal and virus spread both within volunteer 
wheat during the summer and out of volunteer wheat into new crop wheat in the fall. 
Understanding and quantifying these relationships will be critical to the development of a 
predictive risk model for volunteer wheat as a green bridge host that can enable better 
management tactics in the future.
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Figures 
Figure 2.1. Average relative chlorophyll content by week for the mite population 
treatments. 
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Figure 2.2. Mite density (mites/plant) for the mite population treatments used for 
exposure in the wind tunnels. 
 
1 Error bars represent standard errors.  
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Figure 2.3. Number of mites dispersing during a 2-hour exposure period in wind 
tunnels for the mite population treatments. 
 
1 Error bars represent standard errors.
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Figure 2.4. Ratio of mites dispersing to the mite density on plants in the mite 
population treatments. 
 
1 Error bars represent standard errors.
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Figure 2.5. Relationship between mite density (mites/plant) and the number of mites 
dispersing during a 2-hour wind tunnel exposure. The regression equation and the 
coefficient of determination (R2) are shown. 
 
 
Mites Dispersing= 𝜌𝜌^(3.5329+0.00121∗Mite Density) 
R² = 0.77 
n=106 
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CHAPTER 3 
DISPERSAL OF WHEAT CURL MITE (ACERIA TOSICHELLA 
KEIFER) WITHIN VOLUNTEER WHEAT  
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Introduction 
The wheat curl mite (Aceria tosichella Keifer) (WCM) is a vector of three plant 
viruses, Wheat streak mosaic virus (WSMV), Triticum mosaic virus (TriMV), and High 
Plains wheat mosaic virus, to wheat (Triticum aestivum L.). WCMs in high populations 
can cause wheat yield reduction; however, greater wheat yield losses throughout the 
Great Plains result from this complex of mite viruses (Harvey et al. 2002, Wegulo et al. 
2008). In 2017, losses from this complex cost producers in Kansas approximately 19.3 
million bushels of wheat (Hollandbeck et al. 2017), with considerable additional losses 
occurring in surrounding states in the Great Plains. Crop losses can be minimized by 
implementing management strategies to break the cycle of this complex, but the 
effectiveness of these management strategies depend on understanding mite population 
dynamics and mite dispersal (i.e. virus spread). 
As wheat is approaching harvest, WCM populations build up in the head and 
reach their peak population of the year (McMechan and Hein 2017). For this complex to 
persist into the fall winter wheat crop, the mites must find a living host to survive on 
between wheat harvest and the planting of the new crop wheat in the fall (i.e. the green 
bridge). In the central Great Plains, the primary green bridge host is volunteer wheat that 
results from pre-harvest hail shattering grain onto the ground, and the resulting volunteer 
seedlings are an ideal host for the mites and viruses. Mite populations build up on 
volunteer wheat or other alternative host grasses, and they are dispersed via wind into the 
new wheat crop in the fall.  
Mites actively disperse when conditions are favorable for survival, such as 
optimal temperature (Michalska et al. 2010). However, WCMs must rapidly find a living 
55 
 
host plant because at 25°C they can only survive 10-37 hours without a host, depending 
on the humidity, (Wosula et al. 2015a). Since a preferred host plant is critical for mite 
survival and reproduction, mites can either continue to build up in population on the 
current host plant or disperse and risk finding a new suitable host. 
For this mite-virus complex, wind is the primary method for WCM dispersal, and 
this results in virus spread among host plants. The mites have a unique dispersal behavior 
where they move to the upper portions of the leaf or plant, take an upright stance on their 
anal sucker, and wait for the wind to lift them out of the laminar layer on the leaf (Nault 
and Styer 1969, Sabelis and Bruin 1996). Staples and Allington (1956) found WCM 
dispersal was correlated to wind velocity. Further work by Stilwell et al. (2019) has 
shown that mite dispersal from a central source into surrounding wheat through the fall 
occurs in all directions, but mite dispersal appears to be greatest at wind speeds above 9 
m/s. In the fall, in the Great Plains this wind flow is most associated with a high-pressure 
system with winds from the northwest resulting in mite and virus spreading more in a 
southeasterly direction from the original source.  
WCM dispersal is also impacted by mite population density and temperatures. 
Thomas and Hein (2003) found that mite movement from vegetative growing wheat was 
not closely associated with deterioration of the host, but rather mite density on the source 
plant was the most important factor in determining the degree of movement. A field study 
conducted by Stilwell et al. (2019), characterized spatial spread of virus from a central 
source of mites, and they also found that the highest mite density corresponded to the 
greatest virus spread. In addition to population density, increased temperature during the 
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dispersal period increased mite dispersal and virus spread with the mite activity occurring 
longer in the fall 
Temperature and humidity impact mite reproduction, ultimately increasing the 
reproduction rate and subsequent density of mites. The optimum temperature for mite 
reproduction is 24-25°C (Salome et al. 1964). The hatching of eggs is dependent on 
humidity (Slykhuis 1955). These environmental conditions impact mite reproduction, but 
so do viruses. WSMV positively impacts mite reproduction rates; however, TriMV 
negatively impacts reproduction rates (Siriwetwiwat 2006, McMechan et al. 2014). 
Documenting WCM dispersal can be difficult due to their small size (ca. 250 µm), 
although virus spread can be used as a proxy to estimate the extent of mite dispersal. 
Virus spread has been documented for this mite-virus complex by measuring virus 
symptoms and virus presence. Virus symptoms can be measured by the relative 
chlorophyll content (RCC) of plants as measured by a SPAD (Soil Plant Analysis 
Development) chlorophyll meter (Thomas and Hein 2003, Byamukama et al. 2012). 
Remote sensing has also been used to detect virus symptoms. Remote sensing collects 
spectral reflectance from sensors without physical contact (Jensen 2007). Vegetation 
indices have been developed by using wavelengths of plant reflectance to evaluate 
changes in plant properties due to stress (Sankaran et al. 2010). Workneh et al. (2009) 
measured reflectance at 555 nm wavelength to quantify WSMV. They found a significant 
correlation between grain yield and reflectance values. Stilwell et al. (2013) used remote 
sensing to detect virus spread by comparing ten vegetation indices to ground referenced 
data. A high correlation was seen between RCC, the red-edge position index (REP), and 
virus presence. 
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Management strategies for this virus complex that can reduce crop loss include 
cultural practices and host plant resistance (Wegulo et al. 2008). The most effective 
management strategy is to control green bridge hosts, most importantly volunteer wheat. 
Two primary ways to manage alternative hosts are tillage and herbicide application, but 
environmental conditions can impact the effectiveness of control of volunteer wheat. 
Another management technique that is increasingly becoming more available is to plant 
varieties that have resistant genes which confer resistance to WSMV (Graybosch et al. 
2009, Zhang et al. 2015) or WCM (Dhakal et al. 2017).  
Consequently, if no management strategies are implemented and if volunteer 
wheat is left uncontrolled, the mites have an optimal host to build populations. The 
greater the mite density, the greater the potential for mite dispersal and virus spread 
(Stilwell et al. 2019). Therefore, understanding how mite densities influence spread will 
aid in prediction of mite dispersal and subsequent virus spread. The objective of this 
study was to determine the influence of WCM population densities on source plants on 
the timing and extent of mite dispersal and virus spread. Due to virus influence on mite 
reproduction, treatments were chosen to establish different levels of mite populations. We 
hypothesized that the different population levels of WCMs will result in differential virus 
spread.  
Material and Methods 
Research plots were established at the Eastern Nebraska Research and Extension 
Center (ENREC) near Mead, Nebraska. ‘Settler CL’ winter wheat was planted to 
simulate summer volunteer wheat on 1 Aug. 2017 and 18 July 2018. This was done after 
the local wheat harvest to prevent a background of WCM populations. The wheat was 
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seeded at 13,785 g/ha in 2017 and 16,543 g/ha in 2018 at 2.5 cm depth with a row 
spacing of 19 cm. The field was divided into 182 (2017) and 208 (2018) plots, with each 
plot being approximately three by three meters.  
A randomized complete block design was used with a factorial arrangement of 
three mite density treatments each exposed for four time periods. The four exposure 
periods were each separated by 6-10 days. There were 14 replications in 2017 and 16 
replications in 2018. One non-infested control plot was also included in each replication 
to measure background mite populations, for total of 13 treatments. The three mite 
density treatments were single plants infested in the center of each plot with: 1) a low 
population (~40 targeted) of viruliferous (co-infected with WSMV and TriMV) mites, 2) 
a medium population (~75) of viruliferous (WSMV-infected) mites, and 3) a high 
population (~100) of viruliferous (WSMV-infected) mites. A monitored plot area 
consisted of five rows with the individual infested plant in the middle of the center row. 
For virus symptoms to be clearly observed in the plots, pesticide treatments were 
needed to minimize external factors. The wheat plots were monitored for disease, weed, 
and insect issues, and sprayed when necessary. On 1 Sept. and 22 Sept. 2017, the plots 
were sprayed with prothioconazole + tebuconazole (Prosaro, Bayer Crop Science LP, St. 
Louis, MO) at 253 g ai/ha for leaf rust. Additionally, on 1 Sept. 2017, lambda-cyhalothrin 
(Warrior II, Syngenta, Basel, Switzerland) at 35 g ai/ha, and ammonium salt of 
imazamox (Beyond, BASF, Research Triangle Park, NC) at 44 g ai/ha plus a non-ionic 
surfactant (NIS) at 0.0025 %v/v, and ammonium sulfate (AMS) at 2019 g/ha were 
applied for thrips and grass weed control, respectively. On 28 Aug. 2018, plots were 
sprayed with prothioconazole + tebuconazole at 118 g ai/ha. and 2,4-D LV4 (Winfield 
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Solutions, LLC, St. Paul, MN) at 1066 g ai/ha. On 8 Aug. 2018, plots were sprayed for 
thrips with lambda-cyhalothrin at 35 g ai/ha and for grass weeds with ammonium salt of 
imazamox at 35 g ai/ha plus AMS at 2019 g/ha and NIS at 0.0025 %v/v.  
Mite source and infestations 
Type 2 WCMs were used for this study (‘Nebraska’ mite colony; Hein et al. 
2012). The colony mites were maintained on Settler CL wheat in 15-cm-diameter pots. 
The plants were caged with a plastic cylindrical cage (two 8-cm-diameter holes on 
opposite sides one-third of the way from the bottom). Both the top and side holes were 
covered with Nitex screen (80-micron mech opening; BioQuip Products, Rancho 
Dominquez, CA) to prevent mite movement. Maintenance of the colony occurred every 
three weeks by transferring fifty mites to a new pot of wheat plants. The colony was kept 
under artificial light with a 14:10 photophase (Light:Dark) at 22-24°C. 
Source mite populations for field infestation were established using Settler CL 
wheat planted in three flats (41 cm x 56 cm x 10 cm) with four rows spaced 15 cm apart 
and 15 seeds per row for each treatment. These plants were kept in a greenhouse with no 
artificial light and temperatures between 24-29°C. The source flats were infested by 
placing 1-2 cm mite-infested leaf pieces in the upper leaf axil of each plant approximately 
fourteen days after planting. Four days after mite infestation, source plants were manually 
inoculated with either WSMV or a combination of WSMV and TriMV. Preparation of 
virus inoculum consisted of grinding virus infected wheat tissue with a mortar and pestle 
in sterile distilled water (1:20 wt./vol.). For the double inoculation, the same wt./vol. ratio 
was used for each virus, and the virus inoculum of each was combined at the time of 
plant inoculation. Plants were lightly dusted with carborundum and inoculated by gently 
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rubbing the inoculum on the upper part of the leaves with the pestle. To establish the 
medium and high populations of viruliferous WSMV mite populations, leaf pieces were 
cut at approximately 1-cm or 2-cm length, respectively. To confirm virus presence for 
each treatment, source plants used for leaf pieces were tested for virus by Double 
Antibody Sandwich-Enzyme Linked Immunosorbent Assay (DAS-ELISA) as described 
by Wosula et al. (2015). DAS-ELISA absorbance was determined at 405 nm (Multiscan 
FC Spectrophotometer, Thermo Fisher Scientific Inc. Waltham, MA). Source plant 
samples were considered positive if they were twice the absorbance of the negative 
(healthy) control tissue.  
Field infestation occurred over two days (17-18 Aug. 2017; 2-3 Aug. 2018). In 
2017 (17-18 days after planting) and 2018 (14-15 days after planting), plants were 
infested at the 3-4 leaf stage (Zadoks 13-14). A competitive plant in the middle of the 
center row (row 3) in each plot was selected. This plant was infested with a leaf piece 
corresponding to the mite densities for each of the three treatments by placing the leaf 
piece in the leaf axil of the uppermost leaf. To protect the infested plant and ensure better 
mite establishment, a plastic cage (4-cm dia by 30-cm length) open on each end was 
placed over the plant with the leaf piece. The center plant in each control plot was also 
covered with the plastic cage. A small bamboo stake was placed inside of the plastic tube, 
anchored in the soil, and attached for stabilization. The plastic cages were removed from 
all infested and non-infested plants three days post infestation (DPI). 
Infested plant sampling 
The infested plant in each plot was sampled on various exposures every 6-10 days 
(11, 17, 24, 33 days DPI in 2017 and 14, 21, 28, 38 DPI in 2018). At this time, the 
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infested plants were removed from the field, rated for virus symptoms, and mites counted 
under a stereomicroscope. For the non-infested control plots, the central plant was 
sampled on the last exposure date to determine the presence of background mite 
populations. A 0-5 visual rating scale for virus symptomology was used to rate each 
infested plant when sampled from the field. This scale included: 0 = comparable to non-
infested plants showing no symptoms, 1 = mild leaf mottling, 2 = minimal leaf yellowing, 
3 = moderate stunting and yellowing, 4 = severe symptoms and extreme yellowing, and 5 
= complete leaf necrosis. Virus symptomology was also evaluated by RCC as measured 
by a SPAD-502 chlorophyll meter (Konica Minolta Sensing Singapore Pte. Ltd.) 
(Byamukama et al. 2012). This measurement was taken on all infested and non-infested 
control plants at each sampling time.  
 Mite-day calculations estimated the accumulated mite population on the central 
infested plant for each plot. Mite days were calculated by averaging the initial mite 
density and the final mite density on the infested plant at the time of sampling each plot 
and multiplying this value by the number of days within that exposure period. For the 2-
week exposure period, the initial mite density for each plot was the average mite density 
on the leaf pieces used to infest the mite density treatments. For the subsequent exposure 
periods (3-5), the initial mite density was the average mite density on the central infested 
plant across all replications of that mite density treatment for the previous exposure 
period. For each plot, accumulated mite days were estimated by adding the current mite 
day estimate for that plot to the average accumulated mite day totals for that mite density 
treatment through the previous exposure period. 
Virus spread evaluation 
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Following the 5-week exposure period and after the progression of virus 
symptoms were observed in the plots, further evaluation for virus spread occurred. All 
plots were evaluated for virus symptoms by taking RCC readings at ca. 8-9 weeks after 
infestation (16-20 Oct. 2017, 63 DPI; 17-27 Sept. 2018, 55 DPI). For RCC readings, ten 
randomly selected tillers in each of the five rows of the plot were measured to calculate 
an average for each row. Plot rows were numbered 1 to 5 from north to south.  
To determine the extent of virus presence and spread within each plot, ten plants 
in every row were sampled for DAS-ELISA assays (23-26 Oct. 2017, 69 DPI; 10-14 
Sept. 2018, 42 DPI). The ten plants per row were sampled with five plants randomly 
selected on either side of the center of the row. Five of ten plants sampled from row 3 
were assayed individually for WSMV via DAS-ELISA. For the remaining rows (1, 2, 4, 
5) in each plot, a composite of ten plants per row was evaluated for WSMV using DAS-
ELISA as described in Wosula et al. (2015b). Samples were considered positive if the 
absorbance was twice that of the negative (healthy) control. 
Pictures of every plot were taken with a Nikon RGB camera (18 Oct. 2017, 61 
DPI). However, plant conditions and resolution of the images were not sufficient for 
analysis of the images. In 2018, a DJI Matrice 600 Pro multi-rotor platform (DJI, 
Shenzhen, China) drone was flown over the experimental plots on 24 Oct. (82 DPI). The 
drone had a Zenmuse X5R RGB camera (DJI, Shenzhen, China) and a five-band 
RedEdge multispectral camera (MicaSense, Seattle, USA) capturing blue (455-485 nm), 
green (540-580 nm), red (658-678 nm), red-edge (707-727 nm), and near-infrared (NIR) 
(800-88 nm) spectral bands. From these images Normalized Difference Vegetation Index 
(NDVI=((𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 − 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌)/(𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 + 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌)) (Jensen 2007, Paredes et al. 2017), Red Green 
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Blue Vegetation Index (RGBVI=(𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 2 − 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 × 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌)/(𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 + 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 × 
𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌)) (Bendig et al. 2015), and Excess Green (ExG=2 × 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 − 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 − 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌) 
(Meyer and Neto 2008) were determined for each plot. In addition, an open canopy ratio 
variable was calculated by using ExG to identify pixels of healthy vegetation or open 
space (dead plants resulting from virus spread). The open canopy ratio, based from the 
ExG index, was calculated from the number of pixels for the open space divided by the 
total number of pixels in the plot. Since viruses can cause plants to be stressed often 
reducing biomass and virus spread can result in dying plants leaving bare ground, these 
indices have the potential to quantify virus symptoms. 
Mite degree days were calculated to quantify the effect of variable temperatures 
during the exposure periods. Daily maximum temperatures, minimum temperatures, and 
wind direction were obtained from the High Plains Regional Climate Center – Automated 
Weather Data Network ‘Ithaca 3E’ weather station (https://hprcc.unl.edu/awdn.php) 
located near the plot location. Daily degree days were calculated by subtracting the base 
mite temperature from the average daily temperature. The accumulated degree days were 
calculated for each sampling time period. The WCM base temperature was set at 10°C 
based on very limited mite activity occurring at this temperature (Salome et al. 1964, 
Wosula et al. 2015a, Kuczyński et al. 2016).  
Statistical analysis 
Mite days, RCC, and virus presence data were analyzed by year using PROC 
GLIMMIX (SAS version 9.4, SAS Institute Inc., Cary, NC). Minimal background mite 
populations were observed; therefore, the non-infested control plots were excluded in the 
analyses. An analysis of variance for mite days was run for both years, and the data were 
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found to be normally distributed. Fixed effects were mite density and duration of 
exposure. Replications were the random effects. A Tukey adjustment was used to 
determine significant differences among mite density and exposure period treatments.  
  For the final RCC readings an analysis of variance was conducted. These data 
were normally distributed. To correct for denominator degrees of freedom a Satterwaite 
adjustment was used. Random effects were replication and fixed effects were exposure 
period, mite density, and row. For multiple comparisons between mite density, exposure 
period, and row a Tukey adjustment was used.  
 An analysis of variance was run for the open canopy ratio (2018), with a beta 
distribution fitted to the data. Fixed effects were mite density treatments and duration of 
exposure. Random effects were replications. A Tukey adjustment was used for multiple 
comparisons between mite density treatments and exposure period.  
Virus presence data including the center-row (positive plants/5) and composite-
row (positive rows/4) samples from the DAS-ELISA assays were analyzed using an 
analysis of variance. After assaying, each sample was deemed positive or negative and 
given a 1 if positive or a 0 if negative, resulting in a binomial distribution. For the 
composite-row analysis the proportion of positive rows (positive rows per plot/4) was 
determined. Fixed effects for the center-row and composite-row analyses were mite 
density and exposure period. The random effect was replication for both analyses.  
Correlations (SAS version 9.4) were estimated to determine relationships between 
mite density and virus spread variables. A Spearman correlation was used if the data did 
not have a normal distribution, and a Pearson correlation was used if the data were 
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distributed normally. Pearson correlations were calculated between mite days and the 
virus spread variables: RCC of the center row, middle three rows, and all five rows for 
both years. Spearman correlation was calculated for the proportion of positive plants in 
the center row for both years and the open canopy ratio in 2018.  
Virus spread variables including: the center-row virus presence (binomial data), 
an average of middle three rows RCC (normally distributed), and the open canopy ratio 
(fitted to a beta distribution) (only for 2018) developed from the ExG vegetative index 
were regressed with mite days. The center-row virus presence data were chosen because 
this provided the closest comparison to the initial infested plant to the virus spread within 
the center row. The average RCC of the middle three rows was used because this 
provides a measure of virus spread to the neighboring rows. A logit transformation was 
used for the binomial and beta distributed data. A model was fitted for each of the 
variables. The regression equations displayed on each graph were back transformed to fit 
the raw data. The predicted values from the models were regressed on the observed 
values and the coefficients of determination (R2) were determined from these 
relationships to evaluate the fit for the model.  
Results 
The average daily temperature (Fig. 3.1) from mite infestation until virus 
symptom evaluation varied between years with 2018 (21°C) being warmer than 2017 
(18°C). Accumulated mite degree days from infestation were calculated for each duration 
of exposure (2, 3, 4, 5 weeks) and were 127, 188, 244, and 339, respectively in 2017 and 
207, 280, 370, and 477, respectively in 2018. The average number of mites on the leaf 
pieces used for plot infestation for each treatment was calculated to determine baseline 
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mite density for each treatment. In 2017, the mite density on the leaf pieces for the low, 
medium, and high mite density treatments were: 63, 39, 120 and in 2018: 40, 45, 70. All 
source plants used for the infestation in 2017 tested positive for the associated virus(es) 
for each treatment. In the 2018 ELISA assays, all source plants were positive for WSMV 
and the plants used for low WCM density were positive for TriMV. However, in 2018, 
three out of 15 plants used for the medium and high WCM density treatments tested 
positive for TriMV. 
Infested plant sampling  
The condition of the infested plant was monitored through RCC and plant ratings 
(Table 3.1). RCC and ratings were not taken in 2017 for the 2-week exposure. In 2017, 
the non-infested control remained healthy with RCC between 40.6 to 44.4 through all 
exposure periods. Both the medium and high WCM density treatments had fairly constant 
RCC between 27 and 32. These RCC values indicate these plants exhibited severe virus 
symptoms and declined in plant condition. In 2017, the infested plants in the low WCM 
density treatments declined severely in RCC from 18.2 to 7.6, from the 3 to 5-week 
exposure.  
Similar trends for infested plants were observed for plant ratings in 2017 with all 
treatments increasing, except for the non-infested control remaining near zero throughout 
the exposure periods (Table 3.1). Higher ratings from three to five signify severe virus 
symptoms and nearing complete necrosis. A decline in plant condition of the high and 
medium density treatments occurred with ratings increasing from the 2-week (2.6 vs 2.5) 
to 5-week (3.3 vs 3.6) exposure. The low WCM density exhibited an extreme decline in 
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plant condition, and nearly complete necrosis by the 5-week exposure with a rating of 
4.9.  
The non-infested control in 2018 remained healthy, ranging from 35.8 to 40.3 in 
RCC (Table 3.1). The infested plants for all treatments in 2018 showed an extreme 
decline in RCC starting at the 3-week exposure, indicating a decline of the plant 
condition through the experiment. Plants were showing near complete chlorosis when 
RCC was in the lower 20s or in the teens. At the 2-week exposure, the high and medium 
WCM density in the infested plants were already declining with RCC at 28.6 and 30.3, 
respectively. The low mite density treatment rapidly declined with the RCC starting at 
27.1 at the 2-week exposure and declined to 5.9 at the 5-week exposure. All infested 
treatments had single digit RCC at the 5-week exposure, exhibiting complete necrosis. 
The infested plant ratings for 2018 resembled the RCC for all treatments (Table 
3.1). The non-infested control retained ratings near zero throughout the exposure weeks. 
All other ratings increased through the experiment, signifying a decline in plant 
condition. The high and medium WCM density treatments had ratings at the 2-week 
exposure of 2.8 and 2.6, respectively. The low WCM density treatment had severe 
symptoms at the 2-week exposure with a rating of 3.1 and continued to rapidly decline to 
a rating of 4.6 at the 5-week exposure.  
The main effect of accumulated mite days in 2017 for mite density treatment 
(F2,143=135.47, P<0.0001) and exposure period (F3,143=132.25, P<0.0001) was significant. 
However, the interaction of accumulated mite days by exposure period was also 
significant (F6,143=33, P<0.0001). The significant interaction was due to the differential 
population increases in the treatments with the high WCM treatment increasing at a faster 
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rate and the low WCM treatment showing only slight increase throughout the exposure 
weeks (Fig 3.2). In 2017, the average accumulated mite days for the high, medium, and 
low mite densities at the 5-week exposure were: 6,952, 3,954, and 873, respectively.  
Again in 2018, the main effect of accumulated mite days for mite density 
treatment (F2,143=75.1, P<0.0001) and exposure period (F3,164=44.7, P<0.0001) was 
significant. The interaction of accumulated mite days by exposure period was significant 
(F6,164=4.4, P=0.0004). The interaction remained in 2018 due to the differential 
population build up with the medium and low mite density treatments increasing at lower 
rates than the high mite density treatment. In 2018, the average accumulated mite days 
did not build up to the numbers seen in 2017. The average accumulated mite days for the 
high, medium, and low mite density treatments at the 5-week exposure were: as follows: 
2,775, 2,115, and 1,312 (Fig. 3.2). Infestation methods were effective as mites were able 
to establish on the volunteer wheat plants and differentially buildup in populations. 
Virus spread evaluation 
Virus spread was evaluated by RCC, ELISA assays, and open canopy ratio. In the 
2017 analysis of variance for the RCC, exposure period, mite density treatment, and row 
were significant (Table 3.2). However, the interactions of mite density treatment by row, 
and exposure period by row were also significant (Table 3.2, Fig. 3.3). The RCC of the 
high WCM density treatment was significantly lower than the medium and low WCM 
density treatments (36.8 vs 38.3 vs 38.2, respectively; t>3.97, p<0.0006), indicating an 
increase in virus symptoms (i.e. virus spread) for the high WCM density treatment. 
Overall, the 2-week through 4-week exposure period RCCs (38.0, 37.8, 38.4, 
respectively) did not differ from each other, but the RCC for the 5-week exposure 
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declined from the 4-week exposure (38.4 vs. 36.9; t=3.47, p=0.0038). The center row 
(with the infested plant) average RCC (37.0) was significantly lower than the rest of the 
rows (38.2, 37.8, 37.6, 38.1, respectively) (t>3.31, p<0.0001), indicating greater virus 
spread within this row.  
The interaction of mite density treatments by row for RCC resulted from 
increasing virus impact with increased mite density. In the low mite density treatment 
when averaged across all exposure periods, all rows were equal. This demonstrates that 
low mite density treatment had little impact on the RCC by row. Row one of the medium 
density treatment had significantly higher RCC compared to the center row (t=3.02, 
p=0.0219) and row four (t=2.74, p=0.0499). In the high mite density treatment, the center 
row RCC was significantly lower than the other rows in the plot (t>3.59, p<.0001). For 
the duration of exposure by row interaction, the row to row relationship changed as the 
duration of exposure increased. There was no impact of virus (i.e. RCC) across rows 
during the 2-week exposure period, but there was increasing virus impact for the center 
row and it’s adjacent rows (rows 2, 4) with subsequent exposure periods (Fig. 3.3).  
In the analysis of variance for the RCC in 2018, the main effects of exposure 
period, mite density treatment, and row were significant (Table 3.2) with no significant 
interactions. Thus, there was increasing virus impact with increased mite density and 
increased exposure time, with symptoms most evident in the middle rows (Fig. 3.4). The 
overall average RCC for the high WCM density was significantly lower than the low and 
medium mite density treatments (35.9 vs 37.0 vs 37.2, respectively; t>3.94, p<0.0001). 
Differences across the exposure weeks were minimal with averages of 37.2, 36.8, 36.3, 
36.4, respectively. Exposure period differences were significant with the only difference 
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occurring between the 2-week and 4-week exposure periods (t=2.6, p=0.0492). Row 5 
had an average RCC of 38.2 which was significantly higher than rows 1, 2, 3, and 4 
(36.8, 36.3, 35.1, 37.0, respectively; t>5.17, p<0.0001). The center row was significantly 
lower than the other 4 rows (t>4.99, p<0.0001).  
 DAS-ELISA assays of the center-row plants (# positive/5) and composite-row 
samples (positive/4 rows) were used to confirm virus presence. For virus presence in the 
center-row in 2017, the effects of mite density treatment and exposure period were 
significant, with the interaction marginally significant (Table 3.3). In 2017, the center-
row assays for the high WCM density treatment had a significantly higher proportion of 
positive plants, than the low and medium mite density treatments (0.42 vs 0.22 vs 0.13, 
respectively; t>5.12, p<0.0001) (Fig. 3.5). The proportion of positive plants in the center-
row assays for the 2-week exposure (0.10) and 3-week exposure (0.20) remained 
relatively low, but values increased significantly by the 4-week (0.32) and 5-week (0.43) 
exposure periods (t>3.02, p<0.0001). This shows a consistent increase in virus presence 
across exposure period; however, the marginally significant interaction indicates that as 
mite density treatments increase the proportion of positive plants increases at an 
increasing rate.   
Comparable results were seen in the analysis of variance for composite-row 
ELISA data for 2017. Mite density treatment, exposure period, and their interaction were 
significant (Table 3.3). For the composite-row assays, the high WCM density treatment 
was significantly higher than the low and medium mite density treatments (0.50 vs 0.18 
vs 0.20, respectively; t<6.44, p<0.0001). The 5-week exposure had significantly higher 
proportion of positive composite-rows compared to 2-week, 3-week, or 4-week exposure 
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weeks (0.47 vs 0.14 vs 0.30 vs 0.25, respectively; t>3.28, p<0.007). The significant 
interaction indicated that the rate of increase of positive composite-rows across exposure 
periods increased as mite density increased (Fig. 3.6).   
Main effects of WCM density treatment and exposure period were significant in 
2018 for the center-row assays (Table 3.3). In 2018, the proportion of positive plants in 
the center-row assays for the low mite density treatment was significantly lower than the 
medium and high mite density treatments (0.15 vs 0.22 vs 0.23, respectively; t>2.37, 
p<0.0497). Thus, less virus presence was observed in the low mite density treatment. 
Increasing trends across exposure periods were seen, but the only significant differences 
occurred between 2-week and 4-week exposure period (t=2.83, p<0.03; Fig. 3.5). In 2018 
for the analysis of variance of the composite-row assays, only mite density treatment was 
significant (Table 3.3). The high WCM density treatment was significantly higher than 
the low and medium mite density treatments (0.40 vs 0.27 vs 0.29, respectively; t>2.44, 
p<0.0413) (Fig. 3.6).  
The vegetation indices did not provide consistent data, consequently, only open 
canopy ratio (based on ExG) was analyzed. For the analysis of variance of the open 
canopy ratio, mite density treatment (F2,165=9.07, P=0.0002), and exposure period 
(F3,165=3.66, P=0.0136) were significant, but their interaction was not significant 
(F6,165=1.54, P=0.1672). The high WCM density had a significantly higher ratio than the 
low and medium WCM density treatments (0.45 vs 0.41 vs 0.38, respectively; t>2.43, 
p<0.016). The ratio increased as the exposure periods increased (0.40, 0.38, 0.43, 0.44, 
respectively) with the 5-week exposure being significantly higher than the 3-week 
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exposure period (t=3.12, p=0.0115). The higher ratios indicate greater virus spread was 
observed.  
Correlations between virus spread variables and mite days are shown in table 3.4. 
A Pearson correlation between RCC and mite days was conducted. Average RCC across 
the middle three rows exhibited the highest correlation with mite days in both years (r=-
0.46 in 2017; r=-0.35 in 2018; P<0.0001). This negative relationship indicates that as 
mite days increase, RCC decreases. Spearman correlations were used for ELISA assay 
data and open canopy ratio due to the data not being normally distributed. The positive 
correlation between the center-row assay and accumulated mite days was significant for 
both years (r=0.62, P<0.0001 in 2017; r=0.25, P=0.0006 in 2018). Open canopy ratio was 
significantly correlated with mite days at r=0.38 (P<0.0001). This ratio provided the best 
data from the spectral reflectance data in documenting virus spread in a plot.  
To further delineate the significant correlations, regression analyses were 
conducted. Treatments were purposely designed to provide a spread of accumulated mite 
days, thus, the regressions were simplified to focus on the relationship between 
accumulated mite days and virus symptom (RCC) and presence (center-row assay) 
variables. The regressions between the average RCC of the middle three rows and 
accumulated mite days were significant in 2017 (Fig. 3.7) (F1,153=62.35, P<0.0001) and in 
2018 (Fig. 3.7) (F1,174=32.15, P<0.0001). Both showed a negative slope demonstrating 
that as accumulated mite days increased RCC decreased (virus symptoms increased). The 
regression between accumulated mite days and the proportion of positive plants in the 
center row resulted in positive-slope relationships for both years (2017:R2 = 0.40; 
F1,153=99.67, P<0.0001, 2018: R2=0.17; F1,174=21.69, P<0.0001; Fig. 3.8). The positive 
73 
 
slopes for these relationships show that as accumulated mite days increased, virus 
presence also increased. The regression with open canopy ratio in 2018 (Fig. 3.9) was 
also significant with accumulated mite days with a coefficient of determination of 0.19 
(F1,174=18.32, P<0.0001). This is a positive relationship that shows as accumulated mite 
days increased the open canopy ratio also increased.  
Discussion 
WCM population densities are a major factor influencing mite dispersal and virus 
spread. The three mite density treatments provided the ability to capture the spread of 
mite densities in both years. Mite populations on the infested plant increased with the 
duration of exposure; however, the presence of TriMV in the low population treatment 
reduced plant condition and limited mite population buildup. Plants with dual virus 
infection deteriorated faster resulting in more severe symptoms and earlier plant death of 
the infested plant, thus reduced virus spread. This aligns with McMechan et al. (2014), 
Oliveira-Hofman et al. (2015), and Knoell (2018) in showing a decline in WCM survival 
with TriMV infection and demonstrates the importance of considering dual infections 
with TriMV as a factor that may limit field spread. More mites were able to build up in 
population when the infested plant remained healthier, leading to increased virus spread.  
This field study further supports the work of Thomas and Hein (2003), who 
previously indicated that reduced plant condition of volunteer wheat was not the primary 
factor in WCM movement. They stated that mite density was the most important factor in 
mite movement. The infested plants in 2017 were slower to deteriorate due to virus; 
therefore, this allowed the mites to continue to build up in population and spread from the 
infested plant (Table 3.1). Greater virus presence was documented in the 2017 ELISA 
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results of the proportion of center-row and composite-row assays (Fig. 3.5, 3.6). Then in 
2018, the infested plant deteriorated faster which hindered the mite’s ability to reproduce, 
inhibiting virus spread (Table 3.1). Thus, reduced virus presence was seen for the 2018 
ELISA results (Fig. 3.5, 3.6). This emphasizes the relationship between virus symptoms 
as measured by RCC and accumulated mite days. Virus symptoms in the plot increased 
(i.e. RCC decreased) as accumulated mite days increased. In this study, there was a 
significant negative-slope relationship between RCC and accumulated mite days with an 
R2 between 0.50 (2017) and 0.40 (2018) (Fig 3.7). Both years indicated this relationship, 
but at different degrees of severity due to environmental factors.  
The disease triangle is a conceptual model, consisting of three components: 
pathogen, susceptible host, and environment (Scholthof 2007). For a disease to occur, all 
three must be present and environmental conditions can influence the disease severity. 
Mite density contributed to greater virus spread in Stilwell et al. (2019); however, other 
factors were proposed including wind speed, wind direction, and fall temperatures. 
Temperature plays a significant role in mite reproduction and virus replication. 
Temperature influences reproduction rates with optimum temperature for mite 
reproduction at 24-25°C (Salome et al. 1964). The differences seen between years in 
accumulated mite days and virus spread can be accounted for by differences in 
temperature. In 2017, mite degree days during the 2-week exposure period was 127 and 
in 2018 it was 207. More mite degree days occurred through the last exposure period in 
2018 (447) than in 2017 (339). The increased temperatures in 2018 impacted the mite, 
but also increased virus replication in the plant. In 2018, the infested plant condition 
deteriorated faster, thus limiting the amount of time during which mites were able to 
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reproduce (Table 3.1). With higher temperatures in 2018, accumulated mite days built up 
rapidly and then slowed because of the negative impact of the virus on the infested plant 
(Fig. 3.2 and Table 3.1). This had a negative effect on mite buildup because mites did not 
do well or died off on the severely impacted plants. Thus, a greater increase in 
accumulated mite days was seen in 2017 due to a slower deterioration of the infested 
plant (Fig. 3.2 and Table 3.1).  
Temperature impacts pathogen development within the plant, but also symptom 
development. The virus symptoms in the plots developed as expected for the 
temperatures present in both years. Wosula et al. (2016) evaluated the effect of 
temperature on WSMV replication, systemic movement, and symptom development in a 
resistant and susceptible wheat variety. At 15°C, the virus moved systemically in the 
susceptible variety and showed mild symptoms. This aligns with observations in 2017 
with the average daily temperature through the duration of the study being 18°C. Wosula 
et al. (2016) observed severe symptoms at 25°C. This contributed to the observations in 
2018 where more severe symptoms developed, and a decrease in RCC was observed as 
the average daily temperature was higher at 21°C throughout the duration of the study. 
The combination of temperature impacting both virus and mite can result in an 
increase in spread and virus symptoms. Current projections of winter temperatures are 
expected to increase (0.8°C) in most areas in the United States (Vose et al. 2017). In 
addition to this prediction, the length of the growing season will also increase (Hibbard et 
al. 2017). Both of which could increase the length of the green bridge. The central Great 
Plains has a shorter green bridge period than the southern states of the Great Plains. A 
longer green bridge could result in the potential of the mites being active longer, resulting 
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in greater mite reproduction and virus spread. This could increase the potential of virus 
symptom development occurring in the fall instead of the typical spring symptom 
development (Trębicki et al. 2017). Predictive models accounting for these factors could 
aid in determining the risk of virus and enable improved management decisions. 
Additionally, vegetative indices were used to document virus spread. Stilwell et 
al. (2013) documented the vegetative index of REP to be highly correlated with WSMV 
symptoms. However, REP was not used in this study due to the confounding of 
discoloration of plants due to external factors (e.g. leaf rust). Stilwell et al. (2013) looked 
at mite movement into winter wheat through the fall, but in this study the wheat was 
planted during the summer to specifically simulate mite buildup and virus spread within 
vegetative volunteer wheat. Since the wheat was planted in the summer, the presence of 
leaf rust complicated the detection of virus symptoms. Treatments applied to control leaf 
rust were effective, but constant rust pressure resulted in a background level of foliage 
discoloration across all plots. Even with this difficulty, considerable virus symptomology 
was detected with non-infested control plots remaining free of virus symptoms. In this 
study, the open canopy ratio used the ExG vegetation index. This ratio had the highest 
correlation to mite days, compared to NDVI, RGBVI, and ExG. 
The wheat-mite-virus complex has the potential to cause significant wheat yield 
loss. This complex encompasses multiple interactions between mite population density, 
host plant, virus replication, and temperature. The importance of the relationship between 
mite population density and virus spread shown in this study emphasizes the need to 
understand the population dynamics of mites and its relation to mite dispersal and 
ultimately, virus spread. Temperature is important, as it influences both mite reproduction 
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and virus development. Warmer temperatures will increase mite reproduction and 
potential dispersal; however, virus replication can also increase. This can lead to more 
rapid virus symptom development resulting in decreased plant condition, and in volunteer 
wheat this can result in reduced mite buildup and reduced virus spread. Accurate risk 
models must take these complex relationships into account, and data from this study will 
contribute to improved understanding of these relationships.
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Tables and Figures 
Table 3.1. The average relative chlorophyll content (RCC) and average plant ratings 
for each mite density treatment and duration of exposure for 2017 and 2018.
2017 Infested Plant  
Mite Density 
Treatment 
Avg. RCC Avg. Rating  
Duration of Exposure (weeks) Duration of Exposure (weeks) 
2 3 4 5 2 3 4 5 
1. Low WCM . 18.2 12.7 7.6 3.1 4.0 4.4 4.9 
2. Medium WCM . 27.7 32.2 29.4 2.5 2.8 3.4 3.3 
3. High WCM . 29.4 28.1 29.6 2.6 3.4 3.6 3.6 
4. Non-infested control 40.6 44.4 41.9 41.9 0.2 0.1 0.0 0.0 
2018 Infested Plant  
Mite Density 
Treatment 
Avg. RCC Avg. Rating  
Duration of Exposure (weeks) Duration of Exposure (weeks) 
2 3 4 5 2 3 4 5 
1. Low WCM 27.1 13.3 9.8 5.9 3.1 4.6 5.0 4.6 
2. Medium WCM 30.3 22.6 12.9 5.6 2.6 3.5 4.5 4.8 
3. High WCM 28.6 24.0 14.7 9.4 2.8 3.6 4.5 4.7 
4. Non-infested control 40.3 38.3 35.8 36.8 0.0 0.1 0.1 0.0 
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Table 3.2. ANOVA of relative chlorophyll content (RCC) across all rows in 2017 
and 2018. 
2017-2018 RCC (SPAD) Type III Tests of Fixed Effects 
  2017 2018 
Effect Num DF 
Den 
DF 
F 
Value Pr > F 
Num 
DF 
Den 
DF 
F 
Value Pr > F 
exposure period 3 143 4.45 0.0051 3 154.5 2.83 0.0405 
mite density 2 143 10.14 <.0001 2 155.3 11.36 <.0001 
exposure period* 
mite density 6 143 1.64 0.1409 6 155.4 1.51 0.1782 
row 4 624 12.88 <.0001 4 706.3 51.14 <.0001 
exposure 
period*row 12 624 2.48 0.0035 12 706.3 1.22 0.2622 
mite density *row 8 624 2.97 0.0029 8 705.6 1.38 0.2008 
exposure period* 
mite density *row 24 624 1.33 0.1333 24 705.6 1.28 0.1708 
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Table 3.3 ANOVA of proportion of positive WSMV plants for the center-row and 
composite-row evaluated by DAS-ELISA assays in 2017 and 2018.
ELISA center-row assays - Type III Tests of Fixed Effects 
  2017 2018 
Effect Num DF 
Den 
DF 
F 
Value Pr > F 
Num 
DF 
Den 
DF 
F 
Value Pr > F 
mite density 2 143 27.65 <.0001 2 165 3.7 0.027 
exposure period 3 143 16.93 <.0001 3 165 3.01 0.032 
mite density* 
exposure period 6 143 2.13 0.0536 6 165 1.16 0.328 
ELISA composite-row assays - Type III Tests of Fixed Effects 
  2017 2018 
Effect Num DF 
Den 
DF 
F 
Value Pr > F 
Num 
DF 
Den 
DF 
F 
Value Pr > F 
mite density 2 143 30.72 <.0001 2 164 5.39 0.005 
exposure period 3 143 12.88 <.0001 3 164 2.02 0.113 
mite density* 
exposure period 6 143 2.55 0.0222 6 164 1.29 0.266 
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Table 3.4. Correlation coefficients (r) with virus spread variables and accumulated 
mite days in 2017 and 2018. 
 2017 2018 
Virus spread variables Mite days  Mite days 
Relative chlorophyll content of center row -0.45 (n=168)* p 
-0.31 
(n=191)* p 
Average RCC of row 2, 3, 4 -0.46 (n=168)* p 
-0.35 
(n=191)* p 
Average RCC of all rows -0.36 (n=168)* p 
-0.30 
(n=191)* p 
Proportion of positive plants in center row 0.62 (n=168)* s 
0.25 
(n=191)a s 
Open canopy ratio - 0.38 (n=191)* s 
*significant at P<.0001 
a significant at P=.0006 
s Spearman correlation 
p Pearson correlation
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Figure 3.1. Average daily temperatures across the study period for 2017 and 2018. 
Arrows gray (2017) and black (2018) indicate when the infested plants were sampled 
for mites and relative chlorophyll content was measured. White arrows represent 
when RCC was taken across the plot rows.  
 
1The numbers above the arrows represent the exact day the plants were sampled. 
2 Date Infested: 17Aug 2017 and 1 Aug 2018. 
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Figure 3.2 Accumulated mite days for the infested plant through the duration of 
exposure in 2017 and 2018.
1 Error bars represent standard errors.
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Figure 3.3. Relative chlorophyll content by mite density treatment and row through 
the duration of exposure of the infested plant in 2017.  
 
1 Error bars represent standard errors.  
2 Letters indicate significant differences between rows within treatment and exposure 
period at P=.05 with a Tukey adjustment. No letters indicate no significant differences.
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Figure 3.4. Relative chlorophyll content by mite density treatment and row through 
the duration of exposure of the infested plant in 2018. 
 
1 Error bars represent standard errors.  
2 Letters indicate significant differences between rows within treatment and exposure 
period at P=.05 with a Tukey adjustment.
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Figure 3.5. Proportion of positive WSMV plants tested via ELISA in the center row 
and mite density treatment through the durations of exposure in 2017 and 2018.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 Error bars represent standard errors.  
2 Numbers at the base of each bar represent the duration of exposure (weeks).
2017 
2018 
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Figure 3.6. Proportion of positive WSMV samples composited from rows 1, 2, 4, 5 
and tested via ELISA for the mite density treatments through the durations of 
exposure for 2017 and 2018.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 Error bars represent standard errors.  
2 Numbers at the base of each bar represent the duration of exposure (weeks).
2017 
2018 
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Figure 3.7. Relationship between virus symptoms measured by the average relative 
chlorophyll content of rows 2, 3, 4 and accumulated mite days for 2017 and 2018. 
The regression equations and the coefficients of determination (R2) are shown.
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Figure 3.8. Relationship between the proportion of positive WSMV plants in the 
center row and accumulated mite days for 2017 and 2018. The regression equations 
and the coefficients of determination (R2) are shown.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
2017 
𝑃𝑃𝜌𝜌𝜌𝜌𝜌𝜌𝑃𝑃𝑃𝑃𝑃𝑃𝜌𝜌𝜌𝜌 𝑃𝑃𝜌𝜌𝑃𝑃𝑃𝑃𝑃𝑃𝜌𝜌𝑃𝑃𝑃𝑃𝑃𝑃𝜌𝜌= 
(𝜌𝜌^(−2.0044+0.000473∗𝑀𝑀𝑃𝑃𝑃𝑃𝜌𝜌 
𝐷𝐷𝐷𝐷𝐷𝐷s))/(1+𝜌𝜌^(−2.0044+0.000473∗𝑀𝑀𝑃𝑃𝑃𝑃𝜌𝜌 𝐷𝐷𝐷𝐷𝐷𝐷s)) 
R² = 0.40 
n=168 
2018 
𝑃𝑃𝜌𝜌𝜌𝜌𝜌𝜌𝑃𝑃𝑃𝑃𝑃𝑃𝜌𝜌𝜌𝜌 𝑃𝑃𝜌𝜌𝑃𝑃𝑃𝑃𝑃𝑃𝜌𝜌𝑃𝑃𝑃𝑃𝑃𝑃𝜌𝜌= 
(𝜌𝜌^(−2.0637+0.000441∗𝑀𝑀𝑃𝑃𝑃𝑃𝜌𝜌 𝐷𝐷𝐷𝐷𝐷𝐷s))/ 
(1+𝜌𝜌^(−2.0637+0.000441∗𝑀𝑀𝑃𝑃𝑃𝑃𝜌𝜌 𝐷𝐷𝐷𝐷𝐷𝐷s) 
R² = 0.17 
n=191 
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Figure 3.9. Relationship between the open canopy ratio and accumulated mite days 
in 2018. The regression equation and the coefficient of determination (R2) are 
shown.
 
Open Canopy Ratio= 
(𝜌𝜌^(−0.5997+0.000167∗𝑀𝑀𝑃𝑃𝑃𝑃𝜌𝜌 𝐷𝐷𝐷𝐷𝐷𝐷s))/ 
(1+𝜌𝜌^(−0.5997+0.000167∗𝑀𝑀𝑃𝑃𝑃𝑃𝜌𝜌 𝐷𝐷𝐷𝐷𝐷𝐷s)) 
R² = 0.19 
n=191 
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Appendix 
Appendix A – Regression models with predictions  
Figure 1. The relationship between the observed average relative chlorophyll content of 
row 2, 3, 4 (y-axis) and the predicted average relative chlorophyll content. Predicted 
values were obtained by using the equation for the relationship between relative 
chlorophyll content and accumulated mite days for 2017 and 2018. 
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Figure 2. The relationship between the observed proportion of positive plant in the center 
row (y-axis) and the predicted proportion of positive plant in the center row (x-axis) for 
2017 and 2018. Predicted values were obtained by using the equation for the relationship 
between positive plant in the center row and accumulated mite days for 2017 and 2018.
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Figure 3. The relationship between the observed open canopy ratio (y-axis) and the 
predicted ratio (x-axis) using the accumulated mite days of the infested plant through the 
duration of exposure for 2018. Predicted values were obtained by using the equation for 
the relationship between the open canopy ratio and accumulated mite days for 2018.
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Appendix B – SAS Code for the Analyses  
Chapter 2 SAS Code: 
title 'Mites Dispersing and Mite Density Regression Analysis'; 
title 'Creating week variable'; 
data vWTDatax7; 
set vWTDatax7; 
week = .; 
If Days_Inf in (7,10) then Week=1; 
If Days_Inf =14 then Week=2; 
If Days_Inf in (20,21) then Week=3; 
If Days_Inf in (28,31) then Week=4; 
If Days_Inf =35 then Week=5; 
If Days_Inf in (42,44) then Week=6; 
If Days_Inf = 49 then Week=7; 
If Days_Inf in (54,56,57) then Week=8; 
If Days_Inf = 64 then Week=9; 
If Days_Inf = 70 then Week=10; 
 
mtot_disp_log = log(mtot_disp); 
 
run;  
proc print data=vWTDatax7; 
run; 
 
/* Negative Binomial regression of mtot_disp vs. Avg_mite_plant */ 
proc glimmix data=vWTDatax7  method=laplace; 
where week<10;  
class trt rep run; 
model mtot_disp = Avg_mite_plant  /s htype=1 cl d=negbin;  
random intercept /subject=run ; /* Like we discussed I only took into 
account variability due to rep */ 
output out=predictions_wtdatapred pred(ilink)=prediction; /* these are 
the outputted oredicted counts for the mtot_disp */ 
run;  
/* Observed Response (y) vs. Predicted Response (X) plot */ 
symbol value=dot i=none ; 
title "Raw mtot_disp Response vs. Predicted value";  
proc gplot data=predictions_wtdatapred; 
plot mtot_disp*prediction; 
run; 
 
title "Observed mtot_disp Response Correlation with Predicted value";  
proc corr data=predictions_wtdatapred spearman; 
var mtot_disp prediction; 
run; 
 
 
/* PLOTTING */ 
proc means min max data=predictions_wtdatapred; 
var Avg_mite_plant; 
run; 
/* 0 4914.00   */ 
 
/* Getting predicted values for the ELISA proportion across the mite 
day totals */ 
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data function; 
do Avg_mite_plant = 0 to 4914.00 by 5; 
    Plot_Pred = exp(3.5329 + 0.00121*Avg_mite_plant); 
 Plot_Pred_log = 3.5329 + 0.00121*Avg_mite_plant; 
    output; 
    end; 
run; 
 
proc sort data=function; by Avg_mite_plant; run; 
proc sort data=predictions_wtdatapred; by Avg_mite_plant; run; 
 
data plot; 
merge function predictions_wtdatapred; by Avg_mite_plant; 
run; 
 
/* Raw Data with Regression line Backtransformed */ 
title " mtot_disp Count Response vs. Average Mite Plant, with Back 
Transformed Regression Line "; 
proc sgplot data=plot; 
series x=Avg_mite_plant y=Plot_Pred / lineattrs=(color=blue); /* 
Plotting line for predictions vs. mite day total */ 
scatter x=Avg_mite_plant y=mtot_disp / markerattrs=(symbol=CircleFilled 
color=black); /* Plotting scatter plot of the observed data. */ 
xaxis label="Mite Density"; 
yaxis label="Mites Dispersing"; 
run; 
 
/* Logged Response Data with Regression line Backtransformed */ 
title " Natural Log of mtot_disp vs. Average Mite Plant, with 
Regression Line "; 
proc sgplot data=plot; 
series x=Avg_mite_plant y=Plot_Pred_log / lineattrs=(color=blue); /* 
Plotting line for predictions vs. mite day total */ 
scatter x=Avg_mite_plant y=mtot_disp_log / 
markerattrs=(symbol=CircleFilled color=black); /* Plotting scatter plot 
of the observed data. */ 
xaxis label="Mite Density"; 
yaxis label=" Log Mites Dispersing"; 
run; 
 
proc print data=predictions_wtdatapred; 
where ID = 3201; 
 
 
Chapter 3 SAS Code: 
run; title '2017 Mite Density Analysis; 
proc glimmix data=ALLField17;*no need to sort data; 
where trt<4;* excluding trt; 
class trt rep time_period; 
model m_day_total=trt|time_period; 
random rep;* should I include rep*plot2 here **Only neeed to include 
plot2 if comparing across rows ; 
lsmeans trt|time_period /ilink cl lines plot=meanplot (join cl ilink 
sliceby=trt); 
*slice trt|time_period/ sliceby=trt|time_period lines cl adjust=tukey; 
run; 
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title '2017 Relative Chlorophyll Content Analysis; 
proc glimmix data=SPAD17 plots=studentpanel; 
where trt<4;* use if you want to exclude trt 4;  
class time_period  rep trt row plot2; 
model SPAD_R = time_period|trt|row/ddfm=SATTERTHWAITE ; *used to adjust 
degree of freedom; 
random rep rep*plot2; 
lsmeans  time_period*trt /slicediff=(time_period*trt*row) cl 
adjust=Tukey  plot=meanplot(sliceby=trt join cl) ; 
lsmeans  time_period*trt*row/cl lines plot=meanplot(sliceby=row 
plotby=trt join cl) ; 
slice time_period*trt*row / sliceby=time_period*trt lines adjust=tukey; 
run; 
title "ELISA 2017 Composite-Row Analysis"; 
proc glimmix data=new; 
where trt<4; 
class rep Trt time_period ; 
model spositive/_FREQ_= trt|time_period ; 
*BY ADDING THE /_FREQ_ TO THE RESPONSE IN THE MODEL STATE SAS KNOWS TO 
TREAT THE RESPONSE AS BINOMIAL; 
random intercept / subject=rep; 
lsmeans trt*time_period /ilink cl lines slicediff=(trt time_period) or 
cl plot=meanplot(join cl ilink sliceby=trt ); 
run; 
title '2017 ELISA Center-Row Regression Analysis'; 
proc glimmix data=ALLField17 ; 
class  trt rep; 
model P_of5pC/N = m_day_total /s htype=1 cl ; 
random  int / subject=rep; 
output out=predictions_2017ELISA pred(ilink)=prediction;   
run; 
 
/* Observed Response (y) vs. Predicted Response (X) plot */ 
symbol value=dot i=rl ; 
proc gplot data=predictions_2017ELISA; 
title '2017 Proportion of Positive Plants & Mite Days'; 
plot Prop_of5pC*prediction; 
run; 
proc corr data=predictions_2017ELISA spearman; 
var Prop_of5pC prediction; 
run; 
 
title '2017 Mite Day Regression'; 
proc glimmix data=ALLField17 plots=studentpanel; 
class trt rep; 
model AvgSPm3_R = m_day_total /s htype=1 cl ; 
random int / subject=rep; 
output out=predictions_2017SPAD pred=prediction;  
*Here are the predictions for a model with just the mite day totals as 
the explanatory variables; 
run; 
 
symbol value=dot i=rl ; 
proc gplot data=predictions_2017SPAD; 
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plot AvgSPm3_R*prediction; 
run; 
title '2018 Open Canopy Ratio Regression Analysis'; 
proc glimmix data=ALLField18 ; 
class  trt  rep; 
model Ratio = m_day_total  /s htype=1 d=beta cl; 
random int / subject=rep; 
output out=predictions_2018Ratio pred(ilink)=prediction; 
run; 
 
symbol value=dot i=rl ; 
proc gplot data=predictions_2018Ratio; 
plot ratio*prediction; 
run; 
title 'Correlations'; 
proc corr data=ALLField18  spearman plots=matrix(histogram NVAR=7) 
plots(maxpoints=none); *NVAR - number must change depending on how 
variables looking at/; 
   var SPc_R AvgSPm3_R AvgSPall_R P_of5pC Ratio m_day_total mtotal; 
   where trt<4; 
   *by time_period trt; 
run; 
